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ALFRED FOWLER, 1868-1940 


Alfred Fowler, a collaborating editor of the Astrophysical Journal since 1920, died in 
England on June 24, 1940, at the age of seventy-two years. At the time of his death he 
was emeritus professor of astrophysics in the Imperial College of Science and Technology, 
South Kensington, London. 

Fowler was closely associated with Sir Norman Lockyer for many years and accom- 
panied him on numerous eclipse expeditions—to West Africa in 1893, to Norway in 1896, 
to India in 1898, and to Spain in 1g00. He returned to Spain for the eclipse of 1905 and 
secured important observations at the partial eclipse at South Kensington in 1914. 

Among Fowler’s best-known contributions to astrophysics are the identification of the 
TiO bands in the spectra of red stars, MgH and other bands in the spectra of sun spots, 
and bands of CO in the spectra of comets’ tails. 

He was always much interested in regularities in line spectra. He was quite correct in 
regarding the ‘‘enhanced”’ lines of Lockyer not as an evidence of atomic dissociation, 
which was Lockyer’s theory, but rather as caused by increase in the physical stimulation 
of the source. Fowler thought of the enhanced lines of an element as belonging to a dif- 
ferent set of series of that element, called out by more intense excitation. 

He announced as early as 1903 that the enhanced lines in a metallic arc—i.e., lines 
relatively stronger in the spark spectrum than in the arc—often appeared in the regions 
close to the poles when the arc was passed in an atmosphere of hydrogen or in a vacuum. 

fe produced a first and second spectrum by increased stimulation in metallic arcs; fur- 
thermore, in some substances—oxygen, for example—he detected not only the first and 
second spectra but also the third. These he called the arc, spark, and superspark spectra, 
or the spectra of O1, O 11, and O 11. 

He showed in 1914, as an immediate consequence of the Bohr theory, that the en- 
hanced lines of helium, magnesium, and strontium form families of series whose mutual 
relationships are identical with those of the series found for the arc lines; but the series 
constant must be given a value four times as great. This meant, of course, that the series 
due to the enhanced lines came from the positive ions of the substances instead of from 
the neutral atoms. 

Fowler was the first to produce, in the laboratory, the lines of ionized helium discov- 
ered by Pickering in the spectrum of the star ¢ Puppis. These lines were produced in a 
mixture of hydrogen and helium and were at first assigned to hydrogen, because of fairly 
simple series relationships discovered by Rydberg; but Bohr showed that they belong to 
helium. 

Kossel and Sommerfeld announced the ‘‘displacement” law in 1919, in accordance 
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with which the series of an ionized element are similar to those of the arc series of the ele- 
ment adjacent to it in the preceding group of the periodic table. Fowler extended this 
idea to Cat* and Si*+* and to Cat** and Si***, in which the series constant assumed 
values of V, 4N,9N, and 16N. His studies also confirmed the well-known succession of 
odd and even multiplets for the successive groups of the periodic table. 

Fowler performed a great service to spectroscopy when he published his Report on 
Series in Line Spectra in 1922. This gives a careful and accurate statement of the knowl- 
edge on series which had been acquired up to that time, with corresponding wave-length 
and frequency tables arranged according to series. 

Fowler became Lockyer’s assistant in 1885, at the age of seventeen, and was closely 
associated with Lockyer until the latter’s retirement from college work. Fowler was then 
appointed assistant professor of astrophysics at South Kensington and professor in 1915. 
When the Yarrow research professorships of the Royal Society were established in 1923, 
Fowler was one of the first to be elected. He continued in research at the Imperial Col- 
lege until his retirement in 1934. He received many prizes, medals, and honorary de- 
grees, among which may be mentioned the American awards of the Henry Draper Gold 
Medal for astrophysics of the National Academy of Sciences and the Bruce Gold Medal 
of the Astronomical Society of the Pacific. In 1938 he was elected a Foreign Associate of 
the National Academy of Sciences. He was made a Fellow of the Royal Society in 1910. 
In 1935 he was elected a Fellow of the Imperial College, and was created C.B.E. for his 
services to science. 

Only a few of Fowler’s contributions have been mentioned here. His work was char- 
acterized by such thoroughness, accuracy, and conservatism that it stands as a prominent 
and important part of the sound fundamental basis upon which modern spectroscopy 
and atomic theories have been built. 

HENRY G. GALE 
UNIVERSITY OF CHICAGO 
January 1941 


The writer’s memory goes back far enough to recall the stimulating effect upon astro- 
physics of Fowler’s successive discoveries. The identification of titanium oxide in stars 
of Class M cleared the way for the interpretation of their spectra. The production in the 
laboratory, in tubes containing hydrogen and helium, of the ‘‘Pickering series’’ and 
\ 4686—which had previously been among the great outstanding ‘‘unknowns’’—led 
soon to their attribution to He 1. 

The most fertile of all his discoveries was the recognition in 1914 of series lines in 
spark spectra—an exciting novelty at the time of its announcement. These two dis- 
coveries provided conclusive confirmation of Bohr’s theory and opened the way for a 
great amount of subsequent work. Some of the best of this—analyses of the spectra of 
carbon, nitrogen, oxygen, and silicon—were Fowler’s own work and provided the basic 
data for the interpretation of the spectra of the hotter stars. 

It was in his laboratory, also, that students of his originated two great and still-active 
lines of research—Saha, applying the theory of ionization, and Catalan, by the discovery 
of multiplets. Without the work done by Fowler himself, or under his inspiration, the 
modern development of astrophysics could never have occurred. 

Those who knew him will never forget his modest, kindly demeanor and the quiet 


way in which he would speak of his most important discoveries. 
H. N. RUSSELL 


The contributions of Professor Fowler to the progress of astrophysics during the last 
forty years have been of great and lasting value. His early work on the temperature clas- 
sification of spectral lines in the iron arc, carried on simultaneously with similar investi- 
gations at Mount Wilson, opened practically a new epoch in the analysis of spectra and 
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the rational interpretation of the spectra of the sun and stars. Guided by his studies in 
the physical laboratory, he identified, successively, titanium oxide in stellar spectra, 
magnesium hydride in sunspots, and ionized helium in stars of early spectral type. The 
discovery and production of the lines of ionized helium in the laboratory under known 
physical conditions were due to his exceptional skill and perseverance. 

Fowler’s work on series in line spectra is too well known to require comment. His dis- 
covery in several elements of series in which the Rydberg constant had four times its 
ordinary value fell at once into place when Boar’s theory of the ionized atom was de- 
veloped; and his proof of the existence of series due to the doubly and triply ionized 
atom of silicon was a brilliant illustration of the value of the theory. 

No one who is familiar with Professor Fowler’s contributions can help being deeply 
impressed by the clear and definite character of his results, the precision of his measure- 
ments, and his remarkable ability to select problems of fundamental value. 


WALTER S. ADAMS 


My impression of Alfred Fowler is that of one in whom personal and scientific qualities 
were so blended as hardly to be separately distinguishable. The simplicity and directness 
of his writings bared the processes of a very human mind, while general conversation 
revealed an alertness and a capacity for rapid and logical co-ordination of ideas that ex- 
plain his sustained leadership in a rapidly developing field of knowledge. 

If I were asked to name what I regard as Professor Fowler’s most remarkable at- 
tribute, I should say it was his ability to carry on. He began his scientific work in 1888, 
at the age of twenty, as an assistant to Norman (afterward Sir Norman) Lockyer and 
retired from the Yarrow Research Professorship of the Royal Society in 1934, while his 
active interest in science continued through the remainder of his life. The vitality of his 
scientific interest was proved at two periods of his career, in very different ways. The 
circumstances of his association with Lockyer, which lasted until 1901, are generally 
known, and a less resolute spirit than Fowler’s might not have survived them. Later, 
during a period centering about 1920, when the implications of the Bohr hypothesis were 
being grasped and the foundations of modern spectroscopic theory were being laid, Fow- 
ler was among the first astronomers to realize the power of the new analysis and thus 
became a leader in its development. 

I think it likely that few of the younger generation of astrophysicists—those whose 
scientific experience is limited to the last fifteen or twenty years—fully appreciate the 
conditions under which spectroscopists labored previous to the advent of modern meth- 
ods of spectroscopic analysis. The identification of lines that could easily be produced 
in the laboratory was, of course, then, as now, a routine matter; but the assignment of 
others to their chemical origins could be made, if at all, only through laboratory experi- 
ment under this, that, or another condition. Observation of this character, which occu- 
pied much of Fowler’s attention during his early and middle life and in which he was 
signally successful, required an enormous amount of experimentation and yielded, to one 
blessed with a good memory, a vast store of information regarding spectra; furthermore, 
it developed a mastery of observing technique that could hardly have been acquired in 
any other way. Fowler’s success in his later years is without question to be ascribed 
very largely to his possession of a vast fund of knowledge regarding both astronomical 
and laboratory spectra, coupled with his ability to direct analytical processes toward its 
interpretation. 

While I met Professor Fowler during his visit to America in 1910 and saw much of 
him about the time of the Leiden meetings in 1928, our acquaintance was principally 
through a correspondence which began, I should say, about 1908 and was fairly active 
for about twenty years. Our exchanges came about quite naturally, as we were both in- 
terested in astronomical spectra of problematical interpretation. Among the subjects 
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discussed were comets, ‘‘early’’ and “‘late’’ stars, novae, and nebulae. We at the Lick 
Observatory were, on the whole, better fitted than he to observe astronomical spectra, 
while he possessed the equipment and skill for laboratory observation. As it turned out, 
each of us more often than not had ready or could find what the other wanted. His 
letters, written in the clear and direct style that characterizes his papers, always inti- 
mate and personal, were and remain a source of delight and inspiration. I have been read- 
ing over some of them in an attempt to recapture, in these somber days, something of 
the spirit of a brighter era. They tell of work and accomplishment and of friendly co- 
operation. It seems appropriate to refer to these quite personal matters as they illustrate 
the stimulating effect of Fowler’s personality upon those with whom he came in contact. 
From my own experience I can join in the tribute of one who knew him much better: 

To those who were fortunate enough to know him... . Fowler will be remembered chiefly 
for his inspiration as a teacher and his never-failing encouragement and readiness to help in 
every way possible. His laboratory was the training-ground for many who have since achieved 
distinction in various spheres, and there have been numerous acknowledgments of indebtedness 
to his guidance and sympathy. It was his aim always to develop and never to repress the quali 
ties he discerned in those who came under his charge, whether or not those were qualities in 
which he himself excelled. 


W. H. WriGuH1 
t Herbert Dingle, Nature, CXLVI, 87 
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HEINRICH KAYSER, 1853-1940 
HENRY CREW 


It was near the end cf last year when his friends in America learned, with deep regret, 
of the death of Professor Heinrich Kayser. He had been a frequent contributor to this 
Journal and during many years had collaborated with its editors. His combination of 
fearless honesty, sound judgment, genial disposition, and unfailing courtesy had en- 
deared him to a large circle of acquaintances on both sides of the water. It is therefore 
a happy circumstance that Kayser, at the age of eighty-three, yielded to the request of 
friends and composed, on his own typewriter, the story of his long and active career. 
He called it Erinnerungen aus meinem Leben, it is really the autobiography of the leading 
spectroscopist of Europe. The original remains in Germany; but the one carbon copy 
which was made, Kayser appropriately presented to his close friend and outstanding 
colleague in their common field, William F. Meggers, chief of spectroscopy at the Na- 
tional Bureau of Standards. It is from this carbon typescript of Dr. Meggers that most 
of the following personal history has been obtained; the facts concerning the character 
and productive scholarship of the man are matters of common knowledge to all serious 
students of spectroscopy. 


ANCESTRY 


Kayser tells us that his paternal ancestors were farmers living near K6nigsberg in 
Prussia. The first to break away from this occupation was his great-grandfather, Johann 
Jacob Kayser, who was sent to the Gymnasium and after some years took up philosophy 
as his life-work, lived in Treptow, some forty-five miles northeast of Stettin, and later 
became a candidate for the chair from which Immanuel Kant was just then withdrawing. 

The grandfather, August Immanuel Kayser, was born in 1785 and began work as 
secretary to a notary public in Treptow; but, after some experience in a lawyer’s office 
in K6nigsberg, he matriculated in the university there in 1809 .Afterward he became a 
successful attorney and the father of five daughters and one son. 

This son, the father of our subject, was born in 1817; entered the University of 
Konigsberg, as a student of law, in 1836 but migrated later in the same year to the 
University of Berlin. Here trouble with his eyes compelled him to give up reading and 
study for nearly a year, and he traveled—largely on foot—over Germany, Italy, France, 
and Holland. Having recovered the use of his eyes, he spent most of his early years in 
looking after his father’s estate near Kénigsberg and his later years living as a gentleman 
of leisure in various parts of Germany. It was while visiting a friend at the baths in 
Griifenberg, in northern Austria, that he happened to meet an interesting Russian girl, 
Dorothea Amélie von Metz, who was destined to be the mother of our subject. They were 
married at her home in Moscow in 1843 and spent the first few years of their married 
life at the home of the Kaysers near Kénigsberg. At the end of this short period, how- 
ever, they discovered a pleasant place at Bingen and purchased it; and it was here on 
the Rhein, in this home which they called ‘‘Villa Eden,” that our Kayser, the youngest 
of a family of five, was born on March 16, 1853. 

Only a hundred miles downstream, on the left bank of this same river, lie the beautiful 
grounds of the University of Bonn, where Kayser spent more than half his life and 
where he died on October 14, 1940, at the ripe age of eighty-seven. 
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EDUCATION 

As a lad of seven, he moved with his family to Halle, where they found abundant 
literary, social, and intellectual companionship. These associations left a strong and 
lasting impression upon young Heinrich. Both parents and children were passionately 
fond of travel. So it is not surprising that the mother set out with her four youngest 
children to visit the maternal grandparents in Moscow—a long trip, which they length- 
ened by returning through Smolensk, St. Petersburg, and Reval. Between school years 
in Halle, during the early sixties, came a trip, for the whole family, by stagecoach to 
Munich; then over the Brenner Pass, spending a month on the way at Bozen; on down 
into Italy via Genoa to San Remo, where they took a furnished house for the winter. 
Between the Italian factotum which the owner of the house left with them and a cook 
from southern Italy, Kayser here acquired a valuable speaking knowledge of the Italian 
language. He had already learned French and Russian at his mother’s knee. German 
was the one language used at school and at play. 

Following San Remo came a four months’ visit in Rome. These were—in the days 
before 1870, while Rome was yet a wholly papal city—tiresome to a boy of eleven but 
illuminating and unforgettable. Thence home via Florence, Venice, the Semmering Pass, 
Vienna, and Prague—a liberal education for a boy of that age. The spring of 1867 found 
the family again on the Riviera, for the young lad had been passing through a period of 
delicate health. These were, nevertheless, laborious days, spent upon mathematics, 
Latin, and history, under the tutelage of his father. 

In the autumn this fourteen-year-old boy traveled alone from San Remo to Berlin, 
where he enrolled in the Sophieen Gymnasium. He lived in a students’ lodging-house 
on Oranienburger Strasse, on the north side of the river. The autobiographer reminds 
us that these were the days before 1870, when Berlin began to blossom out; that potato 
fields still occupied the plaza just in front of the present Reichstag building; that the 
three outstanding students in this school were Jews; and he admits that, in class work, 
he distinguished himself in mathematics and physics. Yet all was not plain sailing. 
Differences of opinion arose with various instructors, but they are always humorously 
related. The teacher of Greek insisted upon a mastery of the paradigms, while Kayser 
put all the emphasis upon the thought which the author was trying to convey—an old, 
old story to which there are two good sides. 

By the spring of 1872 the course at the Sophieen Gymnasium had been completed. 
This was followed by a long break during which the Kayser family, including Heinrich, 
again indulged their ruling passion for travel; and they once more set out for the south 
over the snow-covered Brenner Pass. Switzerland occupied several summer weeks; Ven- 
ice and Padua eight days; and autumn found them in southern Italy, with five weeks 
in Ischia and Naples. At Pompeii, Kayser’s enthusiasm knew no bounds. Of the temple 
at Paestum he wrote: ‘Der Eindruck war iiberwiltigend, man steht stumm davor, die 
Worte versagen.”’ After another few weeks in Naples they went to Rome for the winter; 
and from here Kayser and his father made an excursion to Egypt, not omitting the boat 
trip up the Nile as far as Assuan. They were back in Rome in time for the Carnival, of 
which he said: ‘The delightful and orderly affair that it was before 1870 has now be- 
come a rowdy, disorderly ceremony by ‘Anglican foreigners.’ ”’ In 1936, however—sixty 
years later—his opinion oscillates in the other direction; and his comment is: ‘‘How 
much worse it is at present when the spiritual leadership among the Italians has de- 
veloped into Fascism!” 

UNIVERSITY CAREER 

These months of joyous roving came to a sudden end in the spring of 1873, when he 
bade his family adieu and registered for experimental physics in the one-year-old impe- 
rial university of Strasbourg. The attracting personality appears to have been that of 
August Kundt, but a good part of his time was given to inorganic chemistry. Analytical 
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geometry with Reye he mentions with high praise. Philosophy he could not stomach, 
because it impressed him as “‘shadow boxing with words’”’ (Spiegelfechterei mit Worten). 
Kayser’s diversity of tastes is illustrated by the fact that, during his first semester, he 
devoted three evenings a week to the study of hieroglyphics under the well-known 
Egyptologist, Diimichen. Working with Kundt in the laboratory at this time were, 
among others, his two assistants, Wroblewski, the Polish physicist known for his lique- 
faction of oxygen, and W. R. Roéntgen, whose name is so nearly a household word that 
it often appears in lower case. 

The spring of 1874 found our young student ill with pleurisy. He recovered at San 
Remo and migrated to Munich for a leisurely summer semester; heard Felix Klein in 
mathematics; took lessons in wood-carving; and was delighted to return, in the autumn, 
to Strasbourg, where he enjoyed, above all else, the free-for-all talks with Kundt, War- 
burg, and E. Cohn, meeting sometimes in the laboratory, sometimes in a near-by 
Bierstube. Kundt now insisted upon Kayser’s taking up a piece of serious investigation. 
The result was his first published paper. It appeared in Wiedemann Annalen, 2, 218, 
1877, under the title ‘‘Bestimmung des Verhiltnisses der specifischen Wirme fiir Luft 
bei constantem Druck und constantem Volumen durch Schallgeschwindigkeit.”’ 

A little later Kayser was called upon to assist Kundt in a difficult experimental lec- 
ture on the kinetic theory of gases, to be given in Berlin with Helmholtz and the crown 
prince in the audience. Kayser attributed his appointment, a little later, as Helmholtz’ 
assistant, to the manner in which he helped Kundt through with this demonstration. 
In the autumn of 1877 came another migration: this time to the University of Berlin, 
where, while listening to Helmholtz, Kirchhoff, and Kummer, he took up work on his 
Doctor’s thesis. The problem was to discover whether or not the speed of sound depends 
(as Regnault had indicated) upon its intensity. This dissertation having been com- 
pleted by the end of 1878, the oral examination was taken on February 6, 1879—a very 
serious matter to the candidate at the moment but a source of great amusement to him 
sixty years later. It was on March 1, 1878, that Helmholtz invited Kayser to become 
his third assistant at the generous salary of go marks a month. Giese was first, and 
E. Hagen second, assistant. Not until July of the following year, however, was Kayser 
admitted to the faculty at Berlin. For the subject of his Habdilitations lecture he chose 
‘‘The Critical Temperature,’ a matter of outstanding importance at that moment, owing 
to the then recent work of van der Waals. 


TEACHING CAREER 


The origin of Kayser’s interest in spectroscopy lies in the fact that, at Christmas 
time of 1881, he helped Ernst Hagen, a man of his own age, to prepare three experi- 
mental lectures upon this topic. Hagen had been a student with both Kirchhoff and 
Bunsen at Heidelberg and was abreast of the times. Kayser appears to have been fasci- 
nated with the subject and to have recognized that almost nothing had been done to 
explain the fundamental phenomenon—the emission of bright lines. So he at once set 
out upon this road and never deserted it. ‘Ich beschloss,”’ he says, ‘‘sofort meine ganze 
Energie auf dieses Gebiet zu wenden.”’ By Easter of 1883 he had thoroughly acquainted 
himself with the principal facts, had arranged them in an orderly fashion, and had seen 
through the press his small Lehrbuch der Spektralanalyse. Within these 358 pages it is 
not difficult to detect the fine perspective and, indeed, the entire framework of his 
great Handbuch, completed twenty-nine years later in more than 5000 quarto pages. 

His first lecture course in spectrum analysis was announced in the summer of 1883 
and was elected by one hundred and fifty students. Just at this time Rowland had 
described his invention of the concave grating and had demonstrated its performance. 
Kayser, being immensely impressed by its superiority to all other spectroscopes, ap- 
proached Helmholtz as to the possibility of securing one. The reply which Kayser re- 
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ceived from Helmholtz was: ‘‘You write Rowland about it, in my name!” The outcome 
was that Rowland sent to Helmholtz, as a present, one of the finest of his six-inch grat- 
ings, which was promptly installed in the basement of the Physical Institute; but it began 
to give good results only in 1885. 

It was in the summer of this year that Kayser received a call from the Technische 
Hochschule in Hannover; and in spite of excellent company at Berlin—with Helmholtz 
at the head of the Institute, with Kirchhoff, H. Hertz, E. Hagen, and E. Goldstein, as 
colleagues, and with such men as W. Wien, Kurlbaum, D. B. Brace, and J. E. Keeler 
as students—he accepted the appointment. It may be considered a piece of rare good 
fortune that, on going to Hannover, he had as a colleague in mathematics that rare 
spirit, Carl Runge, for during the next nine years these two men, working in happy 
unison, did much to lift the study of spectra from its function as a tool of analytical 
chemistry to a pioneer science in the field of atomic and molecular structure. Their first 
step was the production of a photographic map and table of wave lengths for the spec- 
trum of the iron arc, each extending from 6600 to 2300 A. Their larger plans are indi- 

cated by the title of this monograph, which reads “Uber die Spectren der Elemente”’ 
(Berlin Akad. Wiss., 1888). It is difficult to overestimate the convenience and comfort 
which this iron atlas, with its large scale and its values based on those of Rowland and 
Bell, brought to everyone experimentally engaged, either in the determination of wave 
lengths or in the identification of mixed spectra. Then followed their remarkable train 
of papers in the Annalen der Physik und Chemie dealing with the individual spectra of 
the different elements. In nearly every case, series formulae were devised which repro- 
duced the wave lengths with wonderful accuracy. The clever closed formulae of Ryd- 
berg, representing the frequency of each line as the difference of two numbers, was 
proposed at about this time; but the guiding theory of Bohr came only much later. 

To the period of his Hannover residence belongs also Kayser’s admirable Lehrbuch 
der Physik, designed for students who were listening to his experimental lectures. 

Another piece of Kayser’s good fortune at Hannover was that of being assisted by 
Dr. F. Paschen, who soon proved himself to be an independent investigator and shortly 
became the leading experimentalist of Europe in the field of spectroscopy. 

The chance meeting with Mrs. Priimm, wife of a Berlin merchant, away back in 
1882, proved to be an event of first importance; for after Mr. Priimm’s death, this 
amiable and able woman, already the mother of six children, became the devoted wife 
of Professor Kayser. They were married in 1887 and at once established their new 
home in Hannover. For the remainder of her life—twenty-eight years—she was his 
genial traveling companion and trusted adviser. 

At Easter of 1894 Kayser accepted the chair of physics at the University of Bonn, an 
appointment which had been requested by his long-time friend and predecessor, Hein- 
rich Hertz. Preceding Hertz was Clausius, who had, many years before, given the chair 


distinct renown. 
THE ‘““HANDBUCH”’ 


The grand compendium upon which Kayser spent much of his working time during 
the twenty-five years preceding his retirement is so well known to all readers of this 
journal that little need here be said about it. On certain chapters he had able assistance 
from Runge, Pfliiger, or Konen; but the spirit, the perspective, and the great body of 
the entire work is his own. The young Privatdocent of Berlin (1883) had already con- 
ceived spectroscopy to bea many-sided but independent and coherent body of truth— 
a field in which law and order are to be sought. This idea dominates the entire six 
volumes—from the first, which appeared in 1goo, to the last, which issued from the 
press in 1912. The work is much more than a reliable reference book, for by careful 
appraisal of experimental results, by pointing out certain mistakes, by indicating nu- 
merous lacunae, and by calling for increased accuracy many new researches were in- 
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spired. His ability to see both sides of a question, his judicial attitude of mind, and 
his straightforwardness of expression will be recalled by all who have used the Handbuch 
or who have heard him in class, in seminar, or in public discussion. As to the history of 
spectroscopy, his citations are so complete—often running into the hundreds for a single 
element—that it has been a common remark in the laboratory that ‘“‘if it isn’t in Kayser, 
it hasn’t been done.”’ Yet the trees never prevented his seeing the wood. 


PENCHANT FOR TRAVEL 


A mastery of five or six European languages, an unusual diversity of tastes, the 
search for health, and the love of good company combined to give Kayser his passion 
for travel. Twice a year at least, physics was left behind, and the family were off to 
Switzerland or to some point on the far-reaching northern shore of the Mediterranean. 
Sometimes they went by steamer from the Baltic around to Genoa. He knew the art 
of being a pilgrim in Italy. In 1899 he enjoyed visiting Schuster in Manchester, Hartley 
in Dublin, Liveing at Cambridge, and Dewar at the Royal Institution. He chatted with 
Lockyer over their differences of opinion and spoke of him as “‘der der Begriinder der 
besten naturwissenschaftlichen Zeitschrift der Welt, der Nature, ist.’’ He commented 
upon the late Alfred Fowler as one ‘‘der wohl der erste unter den englischen Spektro- 
skopikern geworden ist.” The summer of 1904 found him again in England attending the 
meeting of the British Association at Cambridge, enjoying the hospitality of Lord Ray- 
leigh, and renewing his youth with R. W. Woodand C. V. Boys. When the Royal Society 
celebrated its two hundred and fiftieth anniversary in 1912, Kayser, as guest and 
speaker, was immensely impressed by the fine taste with which such occasions are 
handled in England: ‘‘Uberall zeigt sich als alteingewurzelt Tradition, Reichtum, 
Macht; und das wirkt mehr als alle Reden.”’ 

Of his two voyages to America, the earlier was made in 1896, when he had just de- 
cided to publish his Handbuch; indeed, the trip was made for the avowed purpose of 
meeting Rowland, Pickering, Langley, Michelson, and Hale, hoping thus to put himself 
en rapport with current astrophysics. Landing in Baltimore, he found Rowland and 
Langley out of town, but he had a good time with Theodor Schneider and L. E. Jewell 
(Rowland’s mechanician and assistant, respectively). Then followed three happy days 
at Cambridge as the guest of Professor and Mrs. Pickering, after which came Niagara 
Falls and, a little later, Yellowstone Park. These amazing sights are described with the 
enthusiasm of a young and tireless boy who is seeing them for the first time. At Chicago 
he has an inspiring visit with Hale and Wadsworth. Three days in San Francisco as the 
guest of Adolf Sutro, the builder of the Sutro Tunnel; ‘“‘und nun ging es nach der Lick 
Sternwarte, dem Kernpunkte meiner ganzen Reise.’’ The entire night was spent in 
the great dome with Holden and Campbell. On the return journey he missed his former 
student, Keeler, at Allegheny but had great joy in meeting Brashear, ‘‘ein sehr fein 
gebildeter und liebenswiirdiger Mann.’ Again in Baltimore, he boarded ship after a 
delightful day with Rowland and Jewell. 

Between this voyage and his second one, made in 1910, five huge volumes of the 
Handbuch had come from the press, and a brilliant group of his students—among whom 
were A. S. King and Keivin Burns—had done excellent experimental work in the labora- 
tory at Bonn. The purpose of the 1910 voyage was to attend the Pasadena meeting of 
the International Solar Union, an organization in which he had taken a lively interest 
ever since its initiation at St. Louis in 1904. The sessions in the ‘‘Monastery’’ on top of 
Mount Wilson; the report on standard wave lengths of the second order, as determined 
by Eversheim, Pfund, and Fabry and Buisson, all using the interferometer; and the 
hospitality of the observatory staff are still fresh in the minds of those attending the 
meeting. On the way home visits were paid to Ames in Baltimore, Pickering in Cam- 


bridge, and Pupin in New York. 
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Again back in Bonn, he soon completed the sixth volume of the Handbuch; and in 
the following summer, 1913, he was host to the International Solar Union, which held 
its final meeting in his new laboratory. The dark days of the first World War, the death 
of Mrs. Kayser in 1915, and his ill health and retirement in 1920 gave life a different 
hue; but he never allowed these matters to embitter him. 

During the last years some of his leisure hours were devoted to the preparation of a 
Tabelle der Schwingungszahlen (Leipzig: Hirzel, 1925) and a new 7 abelle der Hauptlinien 
der Linienspektren aller Elemente (2d ed., revised by Ritschl, Berlin, 1939, 269 pages), 
a volume surpassed only by G. R. Harrison’s superb Wavelength Tables published later 
in the same year. 

Eager to serve spectroscopy as long as he lived, Kayser, in his eighties, with some 
aid from Konen and others, published two supplementary volumes (over 2100 pages) 
to his Handbuch, bringing spectroscopic data for fifty chemical elements up to date 
(1934). He had prepared the manuscript for the remaining elements and was deeply 
disappointed that unfortunate circumstances prevented further publication. Today, ac- 
tive spectroscopists are painfully aware that the Kayser compilation since 1912 of spec- 
troscopic facts for the last three dozen elements in alphabetical order of chemical sym- 
bols is not available. 

The remainder of his leisure was given largely to recreational reading of classical 
literature, especially Horace, Homer, and some of the Greek dramatists. The Persian 
of Firdausi, the Spanish of Cervantes, and the English of Shakespeare, Scott, and Dick- 
ens also entertained him. Among the red days on his calendar were those on which he 
received visits from nieces, nephews, and friends. He mentions with especial delight the 
occasions when Dr. and Mrs. Meggers or Dr. King were his guests at Bonn. The story 
of his attachment to his remarkably intelligent Newfoundland dog and its affection for 
him is pathetic in the extreme. He and the dog thoroughly understood each other. 

In this German scholar were combined the pioneer and the aristocrat. Into any com- 
pany which he entered he brought good cheer, for his kindly humor was unfailing. Upon 
his departure something rare and fine was lost to the world. 


EVANSTON, ILLINOIS 
March 194! 








THE MEAN ABSOLUTE MAGNITUDES OF STARS 
OF SPECTRAL TYPES O5-B5* 


RALPH E. WILSON 


ABSTRACT 

This study of the mean absolute magnitudes of the O5—Bs stars considers both the spectral classifica 
tion and the character of the lines. It is based upon the radial velocities of 987 stars and the proper 
motions of 1496 stars. The conclusion is that the presence of diffuse or emission lines in the spectra is 
not, in general, indicative of abnormal luminosity. When the c stars, which are supergiants, are excluded, 
the others fall on a smooth sequence in which the mean absolute magnitude decreases from —3.7 for 
class O8 to —o.8 for class Bs. The Wolf-Rayet stars have essentially the same mean luminosity as the 
absorption O stars. The c stars with emission lines lie on the supergiant sequence defined by the normal c 
Stars. 


The course of the so-called ‘‘main sequence” of the spectrum-luminosity relation 
is, for the most part, well determined from measures of the parallaxes of the nearer stars 
and from spectroscopic absolute magnitudes calibrated by means of the parallaxes. 
The upper, or high-temperature, end of the sequence is less accurately determined be- 
cause the early-type stars are in general so distant that individual parallaxes are of little 
value and because the spectra show few differences which can be connected with dif- 
ferences in luminosity. The best determinations of the mean absolute magnitudes, M, 
of stars of the earliest spectral types have, until recently, been based mainly upon 
group and parallactic motions. These sufficed to show that the blue stars belonged at 
the top of the main sequence, but the values of M in several individual subtypes were 
quite uncertain. 

This uncertainty was accentuated when attention was concentrated upon the descrip- 
tions of the lines in individual spectra. It has been known for some years, for instance, 
that the comparatively rare c stars are considerably brighter intrinsically than other 
stars of corresponding classes. The writer has recently shown' that the c stars define 
a supergiant sequence in which M decreases from — 5.4 for class Bo to — 2.0 for class 
Ks. The existence of supergiants in classes F—-M has been recognized ever since the 
discovery of luminosity effects in the spectra of these stars, but in the earlier classes the 
absence of spectral criteria of luminosity has resulted, in general, in the treatment of all 
these stars as if only one luminosity group existed. Because the c stars are uncommon, 
their inclusion with an overwhelming majority of normal stars did not materially affect 
the general results. When, however, the line characteristics enter the discussion, the 
part played by the c stars in the determinations of M may become important. 

In 1922 W. S. Adams and A. H. Joy found? an apparent difference between the values 
of M for spectra having s and n characteristics—i.e., sharp and diffuse lines. Since all 
the c stars fall in the s group and none at all in the n group, it seemed possible that the 
difference they found might be due to the c stars. 

In 1927 Gerasimovié found: that the emission stars of class B3 were 2.4 mag. brighter 
than the normal stars of that class. Inasmuch as the proportion of cBe stars to the 
total number of Be stars, as shown by P. W. Merrill’s classifications,* 5 is somewhat 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 646. 

t Mt. W. Contr., No. 643; Ap. J., 93, 212, 1941. 

2 Mt. W. Contr., No. 262; Ap. J., 57, 294, 1923. 3 Harv. Bull., No. 849, p. 8, 1927 

4P. W. Merrill and Cora G. Burwell, Mt. W. Contr., No. 471; Ap. J., 78, 87, 1933. 


5 P. W. Merrill, Mt. W. Contr., No. 512; Ap. J., 81, 351, 1935. 
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greater than that of cB to B, here also it appeared likely that the presence of c stars 
might have influenced the conclusions. 

The purpose of this investigation is to redetermine the mean luminosities of the 
early-type stars, taking into account what is now known about the characteristics of 
the lines in their spectra. These are described as follows: c, narrow and sharp, with 
other features indicative of high luminosity; U, normal or unclassified; n, diffuse; e, 
emission; and ne, the combination of the last two. The classification of the c stars is 
fairly definite and complete. Moreover, observers of radial velocities have, in general, 
noted spectra with poor or diffuse lines. Between the c and n stars there are various 
gradations in the sharpness of the lines, but for a general study they may all be included 
in a single group described as having well-defined lines. This is substantially the group 
called ‘‘s’”” by Adams and Joy, but we have been constrained not to use this symbol 
because the practice has been followed elsewhere of indicating with ‘‘s” and “‘ss” both 
c-type spectra and those of certain low-luminosity stars of a quite different type. The e 
and ne stars have been taken from Merrill’s list* and from his card catalogue containing 
recent classifications at Mount Wilson and elsewhere. All c stars were omitted from 
this investigation since they had already been treated.! The few available radial veloci- 
ties of Wolf-Rayet stars are extremely uncertain and do not lend themselves to statistical, 
treatment. In the present discussion, therefore, the symbol O refers to absorption-line 
stars exclusively. 

METHOD 


The spectral range to be covered by this investigation, O5—B6, was dictated mainly 
by the proposed method of attack. The writer has shown" ° that, if the mean distance 
7 and the mean parallax # of any set of stars can be found independently, the mean 
absolute magnitude derived from the two, 


M =3(M' + M1) —- a (1) 
where 

M,=m+5-— 5log7 (2) 
and 

M,=m.+5+5logz, (3) 


is substantially free from the effects of the dispersions in log r and log z. 

For the great majority of the stars, 7 can be determined only from @, directly or in- 
directly. The great distances of the stars of the very early types, which make difficult 
the measurement of reliable individual parallaxes, produce two measurable effects in 
their spectra which enable us to determine 7 independently. The rotation factor 7A 
is large, and interstellar lines appear in a large proportion of the spectra. The inter- 
stellar lines may be used in two radically different ways. Numerous investigations have 
demonstrated an increase in the intensities of the lines with distance. A distance-inten- 
sity relation having been established, it is simple to find from it a value of the absolute 
magnitude of any star in whose spectrum the intensities of the interstellar lines have 
been measured. This method has been used by Merrill and Sanford.’ Also, the velocity 
displacements of the intersellar lines, though corresponding to the galactic rotation at 
only about half the distances of the stars, are much less influenced by peculiar and group 


6 Mt. W. Contr., No. 615; Ap. J., 90, 352, 1930. 
Mt. W. Contr., No. 585; Ap. J., 87, 118, 1938. 
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motions and give accurate determinations of the rotation. Thus, for stars in whose 
spectra both stellar and interstellar lines appear, we have two essentially independent 
sets of data for deriving 7 from galactic rotation. The interstellar data are particularly 
acceptable in the cases of the B3—B6 stars, among which, as J. S. Plaskett has shown,*® 
the stellar radial velocities are decidedly affected by systematic motions, notably in 
galactic longitudes 210°-330°. The proportion of spectra in which interstellar lines ap- 
pear decreases rapidly from 96 per cent in types O5—Br to only 8 per cent in Bs and 
becomes negligible for later types on the main sequence. Beyond type Bs, moreover, 
the rotation factors become so small that they are no longer useful for determining dis- 
tance. 

Briefly summarized, the method of analysis, which is applicable only to the more 
distant stars, consists in the determination of 7 from values of the galactic rotation de- 
rived from both stellar and interstellar velocities, the determination of + from the 
parallactic motions, the computation of M/ and M{ by equations (2) and (3), and their 
combination by equation (1), which includes a correction for absorption within the 
galactic zone. 

GALACTIC ROTATION 


The stellar radial velocities were taken mainly from J. H. Moore’s catalogue,’ while 
the interstellar velocities are mainly from the list”? of Merrill, Sanford, Wilson, and 
Burwell. All were corrected for the standard solar motion, 20 km sec toward the apex 
(A = 270°, D = +30°), and /, = 325° was adopted as the longitude of the galactic 
center. Stellar velocities with probable errors exceeding 3 km/sec and interstellar veloci- 
ties of grade E were assigned half-weight. 

For any star the observed velocity 


where 


F = sin 2(1 — /,) cos? b 


and V”’ is a composite of the peculiar motion and the systematic residual motion, K. 
Assuming that the peculiar motions are directed at random, V” = K, and F is a func- 
tion of star position only. The normal equations for the determination of 7A and K are, 
therefore, 


ZpV’ =7A-ZIpF + K=p, 
4 (5) 
SpFV’ = 7A - SpF? + K=pF . | . 


The values of 7A and K derived by this analysis from groupings according to type 
and line characteristics are given in Table 1. The actual values of 7A derived from the 
interstellar lines have been doubled, on the assumption that these lines are built up by 
the cumulative effect of gases between us and the stars and that the measured displace- 
ments correspond to the rotation at half the stellar distances. The agreement between 
the values of 7A from the two sets of data is good for types O5—B2 but poor for types 
B3-B6. The stellar values agree well with those of Plaskett* and of W. M. Smart" but 
are known to be affected by the systematic motions of the stars in the region of Scorpio 
and Centaurus. The value from the interstellar lines for class Bs depends upon only 


8 M.N., 94, 684, 1932. 10 Mt. W. Contr., No. 576; Ap. J., 86, 274, 1937. 
9 Lick Obs. Pub., 18, 1932. 11 M.N., 96, 568, 1936. 
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24 stars and is, for this reason, uncertain. The interstellar values throughout refer to 
fainter and consequently more distant stars. They should, therefore, be somewhat larger 
than the stellar values; this is true with but one minor exception. In the division ac- 
cording to line characteristics the difference in 7A is accentuated by the circumstance 
that the interstellar values refer also to stars of earlier mean type and for this reason 
also to more distant stars. Considering all the data, the stellar value of 7A gives 
M! = —1.8 for class B2.9, while the interstellar value gives M/ = —2.9 for class 
B1.3, indicating a change of 1.1 mag. between the two types. Inasmuch as our final 


TABLE 1 


VALUES OF ?A FROM STELLAR AND INTERSTELLAR LINES 

















Group Lines No. Sp- | My | K rA Wt. 
km/sec | km/sec 

O NS 73 )7 .6 6.30 +1.0 20.6 29 
I 69 7.6 6.41 —0.5 17.9 6 

Bo-B1 S 101 Bo.5 a —O.7 14.5 40 
I 98 Bo.4 6.59 =0.3 45:2 84 

B2 S 121 2 5-95 2.1 7.9 47 
I 80 B2.0 6.71 +1.3 10.7 64 

B3 S 387 B3.0 5.68 a 7 ey 140 
I 135 B3.0 6. es +o0.6 II.0 94 

B4-B6 S 305 Bs5.0 5.93 +o Pe II2 
I 24 B: 6.09 +o.2 rS.1 20 

We a. S 607 B2.7 6 +o0.9 8 234 
I 258 Br.2 6:86 +o.3 14.2 200 

n S 236 B3.2 5.51 +1.6 2:1 81 
I 73 Bi.4 6.60 —0.2 14.5 58 

€ S 54 B2.4 6.18 —1.0 9.9 21 
I 31 Bo.7 6.73 —0.7 45.9 24 

ne S go B3.0 5.43 2.4|— 0.4 30 
I 45 B2.2 6.11 +1.9 9.9 2 

All S 987 | B2.9 5.84 +1.2 6.1 368 

I 407 | B1.3 6.52 +o0.3 33.7 320 











values of M show a change of 1.0 mag. in the same interval, it may be concluded that 
the agreement between the stellar and interstellar results is in the mean satisfactory. 

Obviously, however, the results in Table 1 are too irregular to enable one to draw 
worth-while conclusions as to mean distances or absolute magnitudes in the subgroups 
from either set of data alone. The problem is to effect a simple and reasonable combina- 
tion of the values of 7A. As has been pointed out, the stellar velocities are seriously 
affected by group motions; the peculiar motions of the stars appear to be three or four 
times the corresponding irregularities of the interstellar velocities. The interstellar lines 
are generally sharp and yield accurate velocities. Moreover, Merrill and Sanford have 
shown” that the interstellar data give a much smoother determination of rotation than 
can be derived from the stellar motions. It seems, therefore, that for the determination 


12 Op. ctt., p. 131. 
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of the rotation a single interstellar velocity of unit weight is entitled to at least double 
the weight assigned to a stellar velocity. By doubling the weights of the derivations of 
rA from the interstellar lines, the relative weights given in the last column of Table 1 
are obtained. Mean types and magnitudes were combined on the basis of the relative 
weights for A. The results of the combination of values are in the second, third, and 
fourth columns of Table 2. The writer’s value’s of the constant of rotation, A = 17.7 
km/sec kpc, was adopted. The mean distances derived from the rotation factors and 
the values of M/ computed by means of equation (2) are in the last two columns of 
Table 2. 
TABLE 2 


VALUES OF 7; FROM ROTATION FACTORS 


a | | | 
| om | FA i; 


Group Sp r 
km/sec | kpc 
O O7 6 6.30 18.8 1.oo1 3.78 
Bo-B1 Bo. 5 6.18 | 14.9 0.842 ee 
B2 B2.0 6.25 | 10.1 0.57! 53 
B3 | B3.0 5.00 | 6.6 0.375 I .97 
B4 B6 Bs O° 5.94 4.6 0.2590 ee 
U B2.2 6.17 | 10.9 | 0.616 8 
n B2.7 es 7.3 $11 2.30 
e Br.8 6. %90 10.9 O10 2.50 
| | 
ne B2.7 5.66 4.9 0.278 1.56 
All B2 4 0.04 9.0 0.545 04 


PARALLACTIC MOTIONS 


The proper motions of 1496 O-B6 stars were taken from the General Catalogue of 


33,342 Stars.'4 The corrections to the Newcomb precessions plus a constant rotation 
derived by H. Raymond and the writer's were applied to the catalogue values. Weights 
were assigned according to the quoted probable errors, the weight being 1 for all 
probable errors equal to or less than o’007 per annum and decreasing o.1 for each in- 
crease of o”oor in the probable error to weight 0.2 for o”o15. 

Mean parallaxes were computed by means of Strémberg’s relation" 


Vp(Aus + Bur) 
a ; ; : ) 
Dp( A? + B?) 
in which 4 and B are vectors related to the adopted apex (with numerical values avail- 
able in convenient tabulated form) and 


pO COS 0 -. and a = Lig. 


The mean values of type, magnitude, and parallax and the values of M’ computed 
by means of equation (2) are given in Table 3. 


13 Mt. W. Contr., No. 631; Ap. J., 92, 170, 1940. 
1 Carnegie Institution of Washington Pub., No. 468, 1938 


A.J ., 47, 57, 1938 16 Mt. W. Contr., No. 558; Ap. J., 84, 561, 1936 
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Assuming that the determinations of M/ and M} are of equal weight and that the 
differences between them reflect the dispersions in log r and log 7, which tend to make 
M! too bright and M{ too faint, we derive the values of M’ in the third column of 
Table 4. These are values of mean absolute magnitudes presumably corrected for dis- 
persion but not for absorption. 

The corrections for absorption depend upon distance. They are small, and the error 
introduced by using the values of 7 in Table 2 would, in no case, exceed 0.07 mag. These 
distances, however, apply only to the radial-velocity stars, which are not identical with 
the proper-motion stars and hence do not represent average mean distances. To obtain 


TABLE 3 


VALUES OF M’ FROM THE PARALLACTIC MOTIONS 


Group No } Sp } m2 | x My 

m = ‘ 

O 70 O8: 5.96 | ©.00193.| —2.01 

Bo-B1 179k Bo. 5 G23 «| 00241 | —1.86 

$2 160 B2.0 6.19 00246 | —1.86 

B3 | 538 B3.0 6.00 | 00440 | —0.78 

] B4-B6 528 Bs5.0 6.28 0.00484 —0.25 

: | 

| l | 1068 | B2.5 6.47. | 0.00351 | -—0.80 

| n 268 B3.3 5.30 00551 | —0.94 

é 64 B2.2 6.08 | 00263 | —1.85 

ne 96 B3.1 © As | 0.00461 | —1.2 

| All 1496 B2.7 6.17 | 0.00394 —o.85 
| 


the latter we reduce the values of 7 in Table 2 and of # in Table 3 to values corresponding 
to the same visual magnitude, here taken as 6.0. Let 7; represent the values of 7 so re- 
duced. Then by definition the “‘index of dispersion” is given by 


The unweighted mean of the values so derived is € = 1.78. Now let 7, = €/76.. rep- 
resent the mean distances of the proper-motion stars. The average mean distances of 
the two sets of stars are then 


The computed values of 7,, 7, and 7. are in the fourth, fifth, and sixth columns. The 
percentages of stars of each group which lie within 10° of the galactic equator are in the 
seventh column. The correction for galactic absorption is then derived from the relation 


AM’ = %.. + (Gal %) -a, 


where a is the estimated mean effect of the absorption within the galactic zone, taken 
as 0.65 mag. per kiloparsec.'’ The final values of M, where 


M = M’+ AM’, 


are in the last column of Table 4. 
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From the plot of these values (Fig. 1) the very definite conclusion may be drawn that 
the line characteristics here considered, other than those of the c stars, are not indi- 
cators of luminosity differences. This does not rule out the possibility that certain stars 
with normally sharp spectral lines may have luminosities between those of the c stars 
and the main sequence, but their number must be small. The great majority of the stars 
with normal spectra and substantially all those with diffuse or emission lines (excluding 
c stars) lie on the main luminosity sequence. 


TABLE 4 


MEAN ABSOLUTE MAGNITUDES 












































Group Sp. M’ | Tr; 7, | 16.0 Gal% AM’ | M 
O 07.8 =< 3220 0.90 ©.94 lo g2 84 =O.5% Se OY i 
Bo-Br1....| Bo.5 | —2.66 78 66 72 70 - Ae 2 OK) 
B2 B2.0 —2.20 SI 66 58 65 - 24 | 2.44 
B3 B3.0 | —1.38 39 40 40 62 16 | boGa 
B4-B6.... Bs5.0 —o.68 0.27 0.32 | 0-30 52 -0.10 | —o.78 
in | 
U B2.4 | —1.79 |] 0.57 0.40 | 0.48 68 —o.21 | —2.00 
n B3.0 —1.62 | 46 43 44 52 seem Cel et) Wry, 
e B2.0 | —2.20 | 52 64 58 76 — 28 |] —2.48 
ne. B2.9 | —1.40 |] 0.32 0.40 o.40 66 | —0.17 = 57 
All | B2.6 | —1.74| 0.54 | 0.41 | 0.48 | 66 —o.21 | —1.95 
| | | | 

M 

-4 

~3 = 

' 
-) — 
| | | | | | | | 
08 09 Bo BI B2 B3 B4 BS 


Fic. 1.—Correlation of absolute magnitude with type and with line characteristics. Dots indicate 
type groups. The triangle indicates normal spectra; the square, spectra with diffuse lines; the cross, 
normal] emission spectra; the plus sign (+) , diffuse spectra with emission; and the circle, mean of all 
stars. The vertical lines indicate relative dispersions. 


Since the c stars have been omitted in obtaining the values of M, the first five values 
in Table 4 may be used to define the upper end of the main sequence. It is of interest, 
therefore, to compare these values with those obtained in other ways. The early deter- 
minations were based largely on parallactic and group motions. The principal results 
for the Bo—Bs stars have been summarized’? by Miss Payne, and her adopted means 


17 The Stars of High Luminosity (1930), p. 88, Table VII, I. 
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are the the second column of Table 5. To these we add for the O stars the mean between 
Plaskett’s value,'® —4.0, and that of the writer,'’? —3.2. None of these values was cor- 
rected for absorption. A rough correction may be made by applying the values of 
AM’ from Table 4. This gives the values of M in the third column of Table 5. In the 
fourth column are the values derived by Merrill and Sanford from their relation between 
distances and the intensities of the intersteilar lines. Their last value is uncertain be- 
cause of the infrequent occurrence of interstellar lines in main-sequence spectra later 
than B3. Excluding this, the values of M derived from Figure 1 fit very closely the 


TABLE 5 


COMPARISON OF ABSOLUTE MAGNITUDES 











Ear ty RESULTS M-S WILSON 
Type 

ut’ u M M 
O.. 3.6 —4:3 —3.2 “2.3 
Bo 2.7 3.1 3.3 3.1 
Bi 2.3 2.6 2.8 2-9 
B2.. 1.9 a7 2.5 2.3 
B3 1.0 1.2 2.0 5 
Bs —0O.7 —o.8 —1.8: —o.8 

















mean of the earlier results and those of Merrill and Sanford. They therefore represent 
fairly well the values previously determined for these stars. 


THE WOLF-RAYET STARS 


Owing to the lack of radial-velocity data, the method used above could not be applied 
to the Wolf-Rayet stars. However, from the parallactic motions of 8 favorably situated 
stars of mean apparent magnitude 7.0, we find Mj; = —2.7. If we assume the same 
dispersion and absorption which were found to apply in the case of the absorption O 
stars, M = —3.8. Miss Payne finds” for 31 stars in the Large Magellanic Cloud 
M = —4.7 and for 4 stars in NGC 6231 M = —2.9. From the intensities of the inter- 
stellar lines in the spectra of 6 stars Merrill and Sanford found M = —2.9, and Sanford 
and O. C. Wilson later? found M = —2.5. The unweighted mean of the five values is 
— 3.4. It appears, therefore, that the mean luminosity of the Wolf-Rayet stars does 
not differ radically from that of the absorption O stars. 


THE CBe STARS 


We have shown that the great majority of the stars of classes O5—B6 belong to the 
main luminosity sequence, the only definite exception being the c stars. It is desirable, 
for the sake of completeness, to find out whether or not the c stars with emission spectra 
have approximately the same luminosity as the normal c stars. The number of cBe 
stars is small; but their accurate radial velocities, small peculiar motions, and great dis- 
tances make possible a fairly accurate determination of their rotation. Most of them, 


‘8 Dom. Ap. Obs. Pub., 2, 329, 1924. 


199 A.J., 36, 7, 1924. 


10: Op; ctt., Ds 74. 21 Mt. W. Contr., No. 613; Ap. J., 90, 242, 1930. 
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also, are favorably situated for a determination of parallactic motion. The results of the 
analysis of their motions are in Table 6. 


Applying to the mean, M’ = —5.2, the correction for absorption found! for the 
c stars as a whole, AM’ = —0.57, we obtain M = —5.8 for class B2.5. All the cB stars 
TABLE 6 


ABSOLUTE MAGNITUDES OF cBe STARS 


Data | No. | §p | ty K 7A | MF 


| 
S 16 B2.4 “ey Pe: O.3 42633 5.4 
i7 B 7 5.72 0.3 25.5 2 
Mean B2.6 592 5.35 
= ve 
P.M. 14 B2.5 5.84 0700072 5 


yield the value —5.4. Considering the small amount of data for the cBe stars, we con- 
clude that the two values agree well and that the emission stars have essentially the 
same mean luminosity as the other cB stars. 
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THE MAGNITUDE SCALE OF THE BRIGHT POLAR STANDARDS* 
FREDERICK H. SEARES! 


ABSTRACT 


Recent photoelectric observations by Hassenstein provide an additional test of the phctographic scale 
of the bright polar standards. Comparison with the magnitudes of 40 stars in the new Mount Wilson 
Polar Catalogue reveals localized zero-point differences of —o.04 and +0.03 mag., which apparently 
originate in Hassenstein’s measurements. After correction the agreement with the Polar Catalogue is close 
(average difference +0.019 mag. and no scale divergence). The agreement with the magnitudes of the 
first g stars of the Polar Sequence is equally close. A direct comparison of Hassenstein with the photo- 
electric results of Stebbins and Whitford, on the other hand, shows for stars 1s and 1-5 the same dis- 
cordance of 0.1 mag. that appears when the polar standards are compared with Stebbins and Whitford. 
Although no completely satisfactory explanation has been found, it seems likely that at least part of the 
discrepancy originates in spectral peculiarities. 


An important test of the standard magnitudes of the North Polar Sequence (NPS)? 
was provided by the photoelectric measurements of Stebbins and Whitford. The essen- 
tial results are shown in the fourth and fifth columns of Table 1.4 Differences are given 
separately for each of the first g stars of the Sequence and thereafter for groups of 4 or 
5, as indicated by the first column of the table. 

The magnitudes used for the standards are not exactly those adopted by the Rome 
Conference ;? they do not differ from the international values, however, either in scale or 
in color system but represent only what is believed to be an improvement in respect to 
accidental errors. The measurements made for the Mount Wilson Polar Catalogue’ gave 
many new values for the standards, and early observations of color indices by the 
method of exposure ratios? could be used with all the data on magnitudes for an adjust- 
ment based on the condition Pg — Pv = C.° 

For the comparison the photoelectric magnitudes (Pe) had first to be reduced to the 
color systems of the Pg, and Pv, standards. The formulae used were 


Pg, = Pe — 0.12 + 0.20C,, (1) 
Pv, = Pe — 0.12 — 0.80C,, (2) 


in which C,, is the color index on the international system derived from the photoelectric 
color C, of Stebbins and Whitford.? 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 647. 
t Research Associate, Carnegie Institution of Washington. 

2 Trans. I.A.U., 1, 71, 1922. 3 Mt. W. Contr., No. 586; Ap. J., 87, 237, 1938. 
‘Summarized from Table 3, Mt. W. Contr., No. 587; Ap. J., 87, 257, 1938. 


Seares, Ross, and Joyner, ‘“Magnitudes and Colors of Stars North of +80°,”’ Carnegie Institution 
Publication, No. 532, to appear from the press in a few weeks. A preliminary edition, the ‘‘Provisional 
Catalogue,” including photographic magnitudes for all the stars and photovisual values for 331 of them, 
was issued in mimeograph form in 1935. 

6 The revised magnitudes and colors thus derived for 30 NPS stars are given in Mt. W. Contr., No. 
587, Table 1; Ap. J., 87, 257, 1938. 

7 If the value Cr = Pgr — Pvr is used in formula (2), the differences Pvp — Pvr become numerically 
equal to the values of Pgp — Pgr found with equation (1) and the test of the Pv scale fails. Independently 
determined colors, for example Cp, must therefore be used in equation (2). 
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For the 5-magnitude interval from star 2s downward the systematic relations are 
entirely satisfactory; there is no trace of scale divergence, and the average differences in 
the photographic and the photovisual magnitudes are only +0.017 and +0.030 mag., 
respectively. The larger difference for the photovisual series is due to a dispersion in the 
values of C,, relative to those of C, which is not accounted for by observational error.4 

For the first 6 stars, however, the differences are quite inadmissible. The internal 
agreement of the data used in deriving the standards seems to exclude the possibility of 
any serious error in the NPS scale; nor can we suppose that the very precise measures 
by Stebbins and Whitford are affected by errors as large as these differences. It seems 
more likely that the two series of measurements refer to different things and that the 


TABLE 1 


SCALE COMPARISONS FOR NPS STARS 


STEBBINS RED. Hass. ORIGINAL Hass. Apj 
NPS STARS Pg, Pv; minus minus minus 
Pgr Pvy Per Steb. Red Pgr Steb. Red 
Is 2.56 2.07 | —0.07 | —0.16 | +0.09 | +0.16 | +0.05 | +0.12 
I 4-39 4.39 | — .13 | — .1§ | — .04 og | — .OI + .12 
2 ©.23 §.30 | — «13 | — .53 fete) 13 | + .03 | + .16 
3 5.76 5.58 | — .08 | — .03 | + .03 iI — .OI1 | - .07 
4 5-95 5.82 | — .08 | — .II fete) 08 | + .03 / + .1I! 
5 6.46 6.46 | — .05 | — .07 | + .05 10 | + .o1 | + .06 
2s ‘ ; 6.50 6.30 00 | + .o1 | + .04 O4 00 00 
38 6.64 6.33 | + .o1 | + .04 | + .07 06 | + .03 | + .02 
Ir 6.67 5.08 | — .o1 — .o1 | +0.02 | +0.03 | —0.02 —0O.O1 
6,7, 28.3 ; | 7.68 7.28 00°| + .o1° 
Q, 3r, 10, 4r 9.05 8.43 | + .o1?| — .02° 
II, 12, 5Y, 4S 10.08 9.45 | + .o15| + .02° 
13, Or, 14, 7r 10.75 10.00 | — .o25 00° 
5S, 15, 6s, 8r, 16 11.35 | 10.66 | —o.008| —o.02° 
Systematic difference * —0.00!| —0.00'| +0.029 +o.01 
Average difference * +o.017| +0.03°} +0.03° +o.02! 


* Values in the fourth and fifth columns do not include stars 1s-5 


reduction of the photoelectric results to the NPS color system is for some reason incom- 
plete. For example, 5 of the discordant stars (Nos. 1-5) are of early A type and are 
therefore presumably affected by strong hydrogen absorption in the ultraviolet. Photo- 
graphic magnitudes measured with a reflecting telescope (the basis for the standards) in- 
clude this region and must be influenced to some extent by the absorption. The photo- 
electric results by Stebbins and Whitford, on the other hand, are unaffected; and, unless 
allowance is made for this circumstance, the results for A-type stars should differ in the 
direction actually observed. Although the discrepancy is thus presumed to originate in 
the ultraviolet, it is carried over into the photovisual differences by the use of equa- 
tion (2). 

There is some positive evidence in support of the absorption hypothesis, but a few 
observations made by Stebbins and Whitford with a photocell which reaches into the 
critical region agree with their earlier results. In any event, hydrogen absorption cannot 
account for the similar discordance found for star 1s (Polaris, spectrum cF7); but here, 
owing to the large interval in brightness separating Polaris from the other stars of the 
Sequence, the NPS magnitudes are less reliable, and appreciable errors are not excluded. 


—— 


re 


, 
set | 


ie 
i 
yf 


e 


BRIGHT POLAR STANDARDS 23 


The foregoing summary prepares the way for an examination of some recent photo- 
electric measurements by Hassenstein.* These observations supply new evidence on the 
scale but do not at once settle the question as to the influence of spectral peculiarities, 
since the wave-length interval covered by the photocell is not stated. Hassenstein found, 
however, that the color system of his magnitudes was identical with that of the Mount 
Wilson ‘Provisional Catalogue”’;5 but he also found in other particulars a less satisfac- 
tory agreement, namely, a scale divergence of 2 per cent, a surprisingly large accidental 
difference of +0.034 mag. per star, and a zero-point deviation depending on right 








Fic. 1.—Zero-point differences 


ascension. A detailed study of Hassenstein’s data has led to a different treatment which 
considerably modifies these conclusions. 

The first point to be noted is the segregation according to algebraic sign of the differ- 
ences PC— Hass. (Polar Catalogue minus Hassenstein) for the 41 stars? common to the 
two investigations (Fig. 1). A line running irregularly across the polar cap from 9, 80°, 
to 22", 80° divides the stars into two groups of 25 and 16 each. In the first group there 
are but two positive differences (+0.02 and +0.04), in the second only a single negative 
difference (—o.o1). 

The question now is whether this obvious discrepancy in zero point originates in the 


8 A.N., 269, 185, 1939. The list includes 102 stars north of +75° declination, brighter than photo- 
graphic magnitude 6.7. 

9 One of these stars, Polaris, does not appear in the Polar Catalogue. Its adjusted NPS magnitude was 
used in discussing the differences. 
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Polar Catalogue or in the magnitudes of Hassenstein. The steps taken to insure con- 
stancy in the zero point of the Catalogue and the various tests of the results subsequently 
applied are fully described in the Introduction to that volume. Only a few details need 
be mentioned here. The photographic magnitudes (we are here concerned only with the 
photographic series) depend partly on recent observations obtained with the aid of the 
NPS and certain secondary standards and partly on six catalogues of magnitudes by 
other observers which had been reduced to the international system. The corrections ap- 
plied to each catalogue for this reduction were the same for all parts of the polar region. 
Any irregularities in the zero points of the constituent catalogues were therefore carried 
over into the Polar Catalogue itself, but, owing to the independence of the individual 
catalogues, it was expected that the resultant irregularity in the Polar Catalogue would 
be insignificant. 
TABLE 2 


FLUCTUATION IN ZERO POINTS 


(Unit=o0.01 mag.) 


Catalogue 2ho 646 10" I bo 18h 22%o All 
Greenwich....... —1.8 —1.5 —3.3 +2.2 +2.3 +239 +o .3 
Simeis.... —o.6 —2.7 +0.5 —I.1 +3.7 +o.4 0.0 
Harvard—Payne a +2.0 re) —1.5 —3.3 +1.5 +3.1 +0.3 
Leiden-de Sitter............... —1.8 +1.0 —o.6 +1.2 +o 3 +o .3 +o.1 
Gottingen —3.4 +1.3 7.8 —0.7 —4.4 —2.2 —o 
Yerkes—Parkhurst ; +11 +2.5 +3.4 2.8 —4.5 —3 +o 
Polar Cat.— Mean Cat.* —o.6 0.0 +11 +o.8 —1.1 +o0.5 +o.1 
Polar Cat.— Hass. —4.0 —1.7 +o.2 +1.0 +305 +o.9 0.0 
Hass. — Mean Cat.* +3.4 +1.7 +0.9 —0.2 4.0 0.4 +o.1 
Hass. — Mean Cat.f +1.1 —o.1 —1.5 —2.0 -3.7 +o.5 1.0 

* Mean of six catalogues, 80°-86° t Mean of four catalogues, 75°-79° 


The matter was put to a test by determining the zero-point deviations of each of the 
component catalogues for 4° intervals of right ascension in narrow zones of declination. 
The combined results for declinations 80°-86°, inclusive, based on 20-30 stars for each 
deviation, are given in Table 2. All the catalogues show small departures, which, be- 
cause of the clustering of the algebraic signs, clearly are something more than residual] 
accidental errors. The progressions in right ascension thus revealed in the catalogues 
differ in phase to such an extent, however, that they are, indeed, mostly neutralized in 
the combined result. The individual deviations in Table 2 indicate a mean error of 
+0.012 mag. in the zero point for a 4" interval based on all the catalogues—a value in 
harmony with the differences shown in the fourth line from the bottom of the table. 
Further, since the Polar Catalogue also depends on a photographic transfer of the NPS 
standards to all parts of the region observed, the collective evidence indicates that the 
zero-point errors of the Catalogue seldom exceed 0.01 mag. 

For comparison with Hassenstein the differences PC— Hass. in declinations 80°-86 
(36 stars) were also grouped in 4" intervals of right ascension. The mean values (third 
line from bottom of Table 2) show a marked progression, with an amplitude of nearly 
0.08 mag. Further, the systematic deviation of Hassenstein from the mean of the six 
catalogues (second line from bottom) is equally marked. Since the catalogues are wholly 
independent, no chance grouping of their accidental] errors can account for the dis- 
crepancy. Moreover, a systematic progression affecting all catalogues alike—a seasonal 
effect for example—is highly improbable for stars so close to the pole. 


° 
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It is noteworthy, however, that since only 36 stars are involved in the sequence of 
differences PC—Hass., the progression may be influenced by the accidental errors in 
Hassenstein. On this account the 58 stars observed by him in declinations 75°—79°, in- 
clusive, were also examined. The Polar Catalogue, as well as two of its component cata- 
logues, do not extend into this region. Hence the only data available for an extension of 
the test are the four remaining catalogues by other observers. Magnitudes from these 
catalogues were reduced to the NPS system and combined into means. The resulting 
differences in the last line of Table 2 are to be compared with those of the next line 
above. A plot of the two series shows in both the same progression, agreeing in phase 
and differing only to a minor extent in amplitude. The zero-point fluctuation in right 
ascension is therefore certainly real, and the evidence strongly indicates that it origi- 
nates largely in the magnitudes of Hassenstein. In fact, these observations themselves 
give evidence of systematic irregularity, as Hassenstein has already stated. Table 8 of 
his paper, for example, shows a suspiciously persistent difference between the principal 
and the control series of measurements, and it is not clear that the influence of this 
difference has been entirely nullified by the adjustment process used. 


TABLE 3 


MOUNT WILSON POLAR CATALOGUE (Pg) minus HASSENSTEIN PHOTOELECTRIC 





| 
Hassenstein No . , No. 
SD AD ( | SD AD 
Pe Stars } Stars 
4.35 +0.01 I —0.13 +0 .009 +o.016 | 8 
5-31 000 +0.015 4 +o .08 + .o10 o21 | II 
.. 7e + .002 022 8 +o. 26 — .o16 O19 7 
6.14 + .009 024 9 +0.74 — .O12 028 | 6 
6.390 — .002 024 10 +1.30 +0o.0o11 +0.014 | 8 
6.61 0.000 +0.008 8 
All +0.002 +0.010 40 All. . +0.002 +0.019 40 





In attempting to remove this irregularity from the results for stars north of 80° 
probably all that is justified is the application of mean zero-point corrections (— 0.04 and 
+0.03 mag., respectively) to the two groups of stars shown in Figure 1. With no other 
change the relation of Hassenstein’s magnitudes to the Polar Catalogue becomes that 
shown in Table 3. The 2 per cent scale divergence has disappeared, and the accidental 
differences have been reduced from +0.034 to the more reasonable value of + 0.019 mag. 
The relative color equation, as Hassenstein found, is inappreciable. The data of Table 3 
thus confirm the photographic scale of the bright stars in the Polar Catalogue in a region 
where the transfer from the NPS standards involved much difficulty. 

The foregoing result is, however, only an indirect test of the standards. A direct 
comparison with Hassenstein’s measures of individual NFS stars is shown in the last 
four columns of Table 1. Deviations from the Pg, standards and from the reduced values 
of Stebbins and Whitford are given for Hassenstein’s magnitudes both before and after 
adjustment for zero point. The ‘‘original’’ differences show clearly the influence of the 
zero-point error which has been removed by the corrections applied. The deviations from 
Pg,, especially the adjusted values (last column but one), are free from the discordance 
for the first 6 stars shown in the fourth column of the table. With allowance for alge- 
braic sign, this discordance appears to its full amount, however, in the comparison with 
Stebbins and Whitford given in the last column and is also clearly present in the uncor- 
rected differences in the third column from the end. 

Except possibly for Polaris, the agreement of Hassenstein’s adjusted magnitudes with 
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the revised NPS photographic standards is close (average difference for the g stars, 
+0.021 mag.; no indication of scale divergence). From star 2s downward the agree- 
ment for Stebbins and Whitford (fourth and fifth cols., Table 1), as already pointed out, 
is also highly satisfactory. These tests by photoelectric measurements are the more valu- 
able because they depend on observations in which photography played no part. 

One would feel more satisfaction in the excellent agreement between Hassenstein’s 
magnitudes and the adopted standards were it certain that the scale is not still influenced 
by the systematic disturbance clearly present in his original measures. Owing to the 
different proportions of bright and faint stars in the two groups which were corrected for 
zero point, the scale has been changed 2 per cent by the small corrections used. Any 
further change of this kind is likely to be slight, however, and the remaining uncertainty 
centers around the differences for the first 6 stars given in the fourth and fifth columns 
and in the last column of Table 1. The suggested influence of hydrogen absorption on 
the magnitudes of early A stars (Nos. 1-5), as well as the inapplicability of this sugges- 
tion to the case of Polaris, has been mentioned. Finally, it ought perhaps to be specially 
noted that for Polaris there is a discrepancy in the two photoelectric results of over a 
tenth of a magnitude where, because of the inherent precision of measurement and the 
apparent freedom from spectral abnormalities, we might reasonably expect agreement 
within 0.02 or 0.03 mag. 
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RELATIVE /-VALUES FOR LINES OF 7: 1* 
ROBERT B. KING 


ABSTRACT 
The relative f-values for 63 lines in 17 multiplets of 771 in the wave-length range Ad 3143-3761 
have been measured. The method was essentially that described in Mt. W. Contr. Nos. 528 and 581, 
with the exception that a high-pressure mercury arc was used as the source of the continuous spectrum, 
thus enabling furnace absorption lines to be observed at temperatures up to 3000° C. 


The relative f-values for 63 lines in 17 multiplets of singly ionized titanium (77 1) 
have been measured. These lines, arising from low levels ranging in excitation potential 
from 0.00 to 1.24 volts, lie in the wave-length region AX 3143-3761. The method, name- 
ly, the measurement of the total absorptions of lines arising from 77 vapor in the electric 
furnace at known temperatures, was essentially the same as that described in previous 
papers on the relative f-values for lines of Fe 1 ‘and Ti1.! 

In the earlier work the continuous spectrum was provided by a tungsten filament 
lamp. The radiation from this source, however, when passed through the heated vapor 
in the furnace, was not of sufficient intensity or “effective temperature” to form ab- 
sorption lines at furnace temperatures much higher than 2600° C. At higher tempera- 
tures the atomic lines appeared in emission. In the present work a source of higher in- 
tensity, the Bol high-pressure mercury arc,? was used. In this source the discharge 
takes place in a quartz capillary about 2 X 25 mm surrounded by a glass water-jacket. 
With an alternating current of 14 amperes at 1075 volts, a pressure of about 200 atmos- 
pheres of mercury vapor is attained. At this pressure the Hg lines are very diffuse, 
being strongly winged toward the red. As a result the spectrum between the maxima of 
the lines becomes a remarkably uniform continuum, corresponding roughly to that of 
a black body at extremely high temperature. With this source, furnace absorption spec- 
tra can be obtained at temperatures as high (~3000° C) as are practicable in operation 
of the furnace for work of this sort. 

The observations were made in the second order of the 15-foot concave-grating spec- 
trograph. Furnace temperatures ranged from 2621° C to 2953° C. Since the continuum 
exhibited considerable variation in intensity near the maxima of the Hg lines, and since 
the exposure times required were extremely short, several exposures of from 1 to 12 sec- 
onds were made in quick succession at each temperature. Furnace temperature readings 
were made before and after each of these series. For the measurement of equivalent 
widths that exposure was chosen which gave the proper density for the continuum at 
each of the 77 11 lines. Plate calibration, measurement of equivalent widths, application 
of Boltzmann factors, and the reduction to relative gf-values were carried out in essen- 
tially the same manner as described before.' 

The results are shown in Table 1. The first three columns give the multiplet numbers, 
wave lengths, and term designations from H. N. Russell’s paper on the term analysis of 
Ti 11.3 The fourth column gives the relative gf-values, on an arbitrary scale; the fifth, 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 648. 

'R. B. King and A. S. King, Mt. W. Contr., No. 528; Ap. J., 82, 377, 1935; Mt. W. Contr., No. 581; 
Ap. J., 87, 24, 1938. 

?W. de Groot and C. Bol, Verhandelingen Aangeboden aan Prof. Dr. P. Zeeman, p. 312, 1935. The 
lamp used here was manufactured by the Philips Lamp Works (Eindhoven, Holland) and was kindly 
loaned by Dr. John Strong, of the California Institute of Technology. Similar lamps, built to operate at 
somewhat lower pressures, are now produced by the General Electric Company. 

3 Mt. W. Contr., No. 344; Ap. J., 66, 283, 1927. 
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TABLE 1 
RELATIVE gf- AND f-VALUES FOR LINES OF 77 II 





























| | | 
| 
Mult. Reata | No. of 
Jesignég | , | 
No. Designation A | gf f | inten 
eres a4F—z?7D° 33-2} | 3143.75 ay Ae ec | 
13-1} | 3148.03 2.3 | r | 4 
| | 
96... biF—z1D° 23-23 3152.24 | 16.2 i an 
14-1 3154.18 | 11.8 2.95 4 
32-3 3155.65 | 14.9 1.86 4 
[s— 3101.19 | 40 10.0 5 
23-I 3161.76 | 53 8.8 5 
| 39-2 3162.56 | 74 Q.2 5 
43-3 3168.52 105 10.5 6 
g2......| a’?D—y*F° 24-3} 3190.87 360 60 5 
14-23 3202.52 300 75 4 
89......| asF—z?F° 43-3} 3214.76 9.3 0.93 5 
ee, aG—y7F° 43-3} 3229.40 210 21 3 
4-23 3232.26 ISI 8.9 A 
87......| aD—zPo 14-3 228.59 151 38 4 
13-13 3236.10 250 62 * 
2}-13 3239.65 150 25 3 
| biF—z?D° 33-23 3231.30 7.0 0.99 5 
85......| atF—ziFo 34-4 3217.04 53 6.6 7 
24-3 3222.82 68 t.3 6 
14-2 3229.18 43 10.8 6 
43-4 3234.52 270 || «(27 4 
34-3 3236.57 198 25 4 
24-2 3239.03 148 25 4 
13-1] 3241.97 118 30 4 
23-1 3251.39 4! 6.8 7 
34-2 3252.85 | 55 | 6.9 7 
43-3! 3254.23 45 | 4-5 7 
70. biP—yD° 14-2 3261.59 350 | 88 3 
4-1 3272.06 108 54 3 
13-1 3278.28 150 38 3 
}- 3282.32 25 | 63 3 
76......| bsP—zsS° 24-13 3332.10 198 | 33 3 
ree biF—ziF° 34-43 3308. 79 13.3 1.66 5 
24-3 3318.01 15.6 2.6 7 
44-43 3322.93 125 12.5 5 
14-2 3326.76 12.3 S24 4 
33-3 3329.45 70 9-5 5 
29-2 3335.19 55 9.7 5 
14-1 3340.33 42 10.5 6 
43-34 3343.76 12.8 1.28 5 
32-2 3340.72 15.5 1.04 5 
23-13 3348.82 10.6 Lat7 5 
°) ae aF—z?G° 34-4} 3349.02 | 300 49 7 
34-34 3372.20 16.2 2.0 3 
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TABLE 1—Continued 











Mult. , : . | No. of 
No Designation A gf f Plates 

68 5 Baath atF—z'G® 43-54 | 3349.41 300 30 3 
24-34 | 3372.80 | 205 34 3 
43-4 3380.28 | 2 | 42 | 6 
13-2 3383.76 | 169 | 42 = 
33-3 3387.83 | 52 | 65 | 6 
25-2 3394.57 48 | 8.0 | 6 
44-3 3407. 20 Zee | “Oya: ¥) 3 
33-2 3409 . 80 2.7 | 0.34 3 

60 biF—z‘G° 44-5} 3444.31 30 | 3.0 8 
34-44 3401. 50 2: | 2.9 8 
23-33 3477.18 20 3-3 6 
34-33 3489.74 2.7 0.34 2 
13-2} 3491.05 13.3 3-3 7 

55 awF—zID° 34-2} 3596.05 16.9 2.1 3 

: 25-2 85 7 6 

g v@F—z2D° 34-24 3055.19 379 a 2 

‘ 24-14 330 55 

44 aF—z7F° 24-34 3721.64 18.7 ans 3 
33-33 3759.30 330 41 4 
24-2} 3761 . 33 230 38 4 


the relative f-values obtained by dividing the numbers in the fourth column by the sta- 
tistical weight (g = 27 + 1) of the lower term involved. 

In general the relative gf-values within multiplets are in fair qualitative agreement 
with relative intensity estimates in the spark spectrum.‘ However, one exception seems 
worthy of note. In multiplet No. 87 the gf-value for \ 3236 is considerably larger than 
those for \ 3228 and A 3239. The spark intensities, however, for \ 3228 and A 3239 are 
greater than for \ 3236, and in the solar spectrum A 3228 and A 3239 have Rowland in- 
tensity 2 while \ 3236 is given as 1. This effect might be accounted for by the blending 
in the furnace spectra of \ 3236 with a line of an impurity, such as Fe, or with a line of 
Ti1. But no likely line is found to lie within o.1 A of the 77 11 line \ 3236. 

CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 


May 10941 


4 Russell, loc. cit.; M.I.T. Wavelength Tables, New York, 1939. 











PHYSICAL PROCESSES IN GASEOUS NEBULAE 
XVI. THE ABUNDANCE OF O 1m 
DONALD H. MENZEL AND LAWRENCE H. ALLER! 


ABSTRACT 


From the intensities of the green nebular lines the density of O 111 ions proves to be roughly 1 per cm3, 
corresponding to an abundance about ten thousand times less than that of the hydrogen ions. The 
numbers, nevertheless, are sufficient to produce a marked depression of the electron temperature, through 
the medium of collisional excitation. The observed electron temperatures, given in Paper XIII, are con- 
sistent with the theory developed in Paper V, modified for the effects of collisions. 


In earlier papers of this series we have shown how electron densities and temperatures 
of planetary nebulae may be determined from the absolute intensity of the Balmer 
continuum and the relative intensities of the lines of O 111, AX 5007, 4959, and 4363. We 
now proceed to a determination of the abundance of O 111 from the absolute intensities of 
these same lines. 
The number of inelastic collisions from level A to level B per unit volume per second | 
is given by equation (X, 32)? as 


NaN, Q(A, B) 


jap = 8.54 X 107° aE = e~XAB/KTe | (1) 
. A 


For the green nebular lines A refers to one of the levels of 3P, and B to the single level 


‘D,. For all three transitions, xz is essentially identical. Further, for all three transi- | 
tions, 

Qa 

—— = 2.22, 

WA 


as may be seen from reference to Table 2 of Paper X. Hence, setting 
=Na = Np, 


where Np is the number of atoms in the combined levels of 3P, we find for pp, the 
number of collisional excitations of 'D, from 3P per cubic centimeter per second, 


i‘ _NpN | 
pp = 1.90 X 108 7, — e-XPD/ETe , 
€ 


No 
— 


Not all the atoms excited to the 'D, level will return to the levels of the ground term by 
radiative transitions with consequent emission of the nebular lines. We suppose that a 
fraction, , is collisionally de-excited. Thus the contribution per unit volume to the in- 
tensity of the two nebular lines is (1 — 8) §pphvpp. 


t Society of Fellows, Harvard University. 27 Ap. J., 92, 421, 1940. 
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As in Paper XIII, we assume a planetary model of outer radius A and thickness d. 
The mean surface brightness, S,, in the green nebular lines becomes 


' oe | 
Sn = 3(1 — B)¥pphvpn3d : — ; + 7 = 3(1 — B)D&pphvpp . (3) 





For a homogeneous sphere d = A, and D = A. 
From (XI, g) we have the surface brightness expressed in terms of the magnitude per 
square minute of arc, 


S, = 8.40 X 107(2.512)—. (4) 


From equation (3) we get 

x/kT 

T! 2 
€ 


Sn = 2.48 X 10-7 "(1 — B)DNpN,. (s) 


Solving equations (4) and (5) for Np, the number of O 111 atoms in the ground 3P term, 
we find 


T1/2pt+x/kTe 


P 19 r. : — 
Np = 3.38 X 10 N.D( — B) 


(2.512)—% , (6) 
The needed observational quantities are H,, the surface brightness of the planetary 
in the green nebular lines expressed in magnitudes per square minute of arc, the electron 
temperature, 7., and the electron density, V.. The quantity H, may be obtained from 
the data in Paper XIV; 7, and N, have already been determined for a number of repre- 
sentative nebulae. These two latter quantities are needed for a calculation of 8, which 
is, by definition, 


DP I 
B= —= —— | ( 
opp + Fpp 6.35 X% 10°F f* * 7) 
1 - —— 
N, 
since 
~ a N. 7 
WDP = 3-42 xX IO T 2 A D » (8) 
from (X, 33) and 
Fea = Np =App, = Np2.15 X 107, (9) 


the latter expressing the number of radiative transitions per cubic centimeter per second. 

We have computed (1 — £) as a function of 7, and N, (see Table 1). We note that 
(1 — 8) is much more sensitive to V, than to 7,. As one would expect, the efficiency of 
the electrons in de-exciting the 'D, level is much more dependent upon the number of 
electrons available than upon their temperature and velocity distribution. 

We have estimated the surface brightnesses in the green nebular lines, in magnitudes 
per square minute of arc, by the same procedure as was used earlier in determining the 
surface brightness of the planetaries in the continuous spectrum at the Balmer limit. 
In most cases the correction to the magnitude is negative because the green nebular lines 
are usually much the strongest in the spectrum and lie in a region where the plate sensi- 
tivity is low. 
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We give the relevant data in Table 2. The successive columns refer respectively to the 
NGC number of the planetary, the electron temperature, the electron density, D, as 
computed from the data of Curtis’ for NGC 1535, 6543, 7009, 7662, and IC 418 (for the 
other objects a uniform sphere model is assumed), H/,, the surface brightness in the green 
nebular lines in magnitudes per square minute of arc, and finally Np. 

Nearly all the O 111 ions are in the ground 3P level. We see that the number of O 1m 
ions ranges from about one in every 10 cm3 for IC 418 or NGC 1535 to about two per 


TABLE 1 
NzX107 
Te 

0.5 1.0 2.0 4.0 

D000... 0.90 0.383 °.7!1 0.55 

eo a .Q2 85 74 59 

oe . : ———ae Q2 SO 76 61 

EPO O0 kk 6c 03 87 77 63 

74,000... +5 93 88 79 65 

16,000 ..... 04 89 80 67 

20.000... .. 0.95 ©.90 °.82 0.69 

TABLE 2 

Object De Ne D Hy, Vp 
NGC 9027..... 9,500 ©.93X104 1.59X10!7 4.60 0.76 
oe & ea 9g, 200 ey oe 1.29 4.86 0.49 
0520... ; 7,200 0.9 2.04 6.36 o:34 
SS 6,000 1.5 0.78 5.38 254 
MC 408... 6,800 i.2 0.78 7.96 0.19 
NGC 7662... 10,300 2:0 0.70 4.70 °.70 
7009... 9,500 3.3 0.52 4.27 0.73 
1535 “Sa 10,000 3 £283 6.560 0.09 


cubic centimeter for NGC 6543. The O11 ions are thus about ten thousand times less 
abundant than the electrons or hydrogen ions. 
We evaluate the effective f value for 5P, — ‘D., the strongest nebular line, from the 
relation’ 
@ mcs e 1 
‘ nn’ = % X 3.78 KX 10° X 0.016 = 6.05 X 10°", (10) 


@,' 8717e?v? 


with Pasternack’s value of Ann’. The average absorption coefficient over the center of 
the line will be 


. aC ,1 fax’ 
ay ~ : II 
mc~ Av 
3 Pub. Lick Obs., 13, 1918. 4 Ap. J., 85, 330, 1937, eq. (I, 1). 


SAp. J., 92, 129, 1940; also Pub. A.S.P., §1, 160, 1939. 
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where Av is the effective half-width of the line as determined by random Doppler mo- 
tions. The minimum value for Av is 


kT 
Av = ‘o 5 ~~ 1.060% 10" ; (12) 


Ma 


where m, is the atomic mass and 7, the gas-kinetic temperature of the atoms. We set 
T, = T., for we may reasonably expect that momentum exchange between the free 
electrons and atoms will lead to equipartition of energy. Thus 


& 19% or, (13) 
and the total optical depth in NV, becomes 
T <Np2Da,~1.5 X 10-° with Np=1.0 and 2D=1X10%cm. (14) 


The assumption that the nebula is transparent in the nebular lines is, therefore, fully 
justified. 


The radiation in the forbidden nebular lines derives from the kinetic energy of the 
electrons. The permanent gases—oxygen, nitrogen, argon, neon, etc.—act as tempera- 
ture regulators. When the temperature of the electron gas is sufficiently high, the elec- 
trons lose a large fraction of their energy in the excitation of metastable levels. Hence 
the equilibrium temperatures are considerably lower than those calculated in Paper V 
for an optically thin nebula composed of pure hydrogen, with only radiative and capture 
processes active. We must now modify the equation of radiative equilibrium previously 
given for the continuum to allow for the collisional excitation of the nebular lines. The 
energy removed from the continuum per second is merely that radiated in the nebular 
lines. For the moment let us consider a nebula composed of hydrogen and O11; the 
argument will give the correct order of magnitude for any nebula in which the green 
lines are strong. 

We have two fundamental equations. Equation I1V(2), which specifies that the num- 
ber of ionizations from the ground level of hydrogen equals the number of captures on 
all states, remains unchanged in form. The second equation, IV(4), guaranteeing ra- 
diative equilibrium, must be altered in form to allow for the fact that much of the elec- 
tronic energy is radiated in the nebular lines. In its original form, equation IV(4) states 
that all the energy absorbed by hydrogen atoms is re-radiated in free-free, bound-free, 
and bound-bound transitions. We first replace the factor 2N;N.KZ°hR/T?’, previously 
canceled from both sides of the equation, and add the term (1 — 8) §pp/vpp to the right- 
hand side, representative of the nebular line emission. 

We now use equation IV (2) to eliminate the unknown parameter, 6,. The resulting 
equation, with the common factors again divided out, is identical with equation IV (5), 
except for an additional correction term, C(7,) on the right side. From equation (2) we 
have 


hvpp 


siete .. »—x/kT ¢ 
C(T,.) = 1.90 X 10 N. (1 — B) KZ*2hR2ZGr, x 
r. Np 
= 1.63 4 e—x/kTe + (1 — 8), (15) 


1T i 
T. i 
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where Gr, is the function defined in V(2). In the symbolic notation of equation V(s), 
our equation of radiative equilibrium becomes 


fAT:) = fT) + C(T) = fi(To . (16) 


The left-hand side of the equation is a function only of the temperature of the nuclear 
star and may be readily calculated; f,(7.), similarly, is a function only of the electron 
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Fic. 1.—G7r, as a function of the electron temperature, 7<. The lower curve is calculated with the 
Gaunt g-factor included. In the upper curve it is omitted. The latter curve is used in the present 
calculations, as the g-factor has been omitted in the numerical calculations of Paper V, with which our 
present results are compared. 
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Fic. 2.—Plot of f.(Te), (Vp = 0), and f,(7;) 


temperature. The quantity C(7.), however, is a function of the abundance of O11 
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atoms in the 3P term relative to the hydrogen ions, as well as of the temperature. 

For future reference, we give Gr, in Figure 1 as a function of 7.. Figure 2 gives f:(7;) 
and also f,(7.). By noting the two abscissae for a given value of the ordinate, we recover 
the relation between 7, and 7, tabulated in Paper V, corresponding to the case Vp = o. 

The new function f;(7,) is now a function of V,(=N;) and Np as well as of 7.. Hence 
we require several sets of curves, which are reproduced in Figure 3. Unlike /,(7.), the 
new function curves sharply upward and, beginning at 7, about 8000° or 10,000’, de- 





asp * 19 Q 


ar 


os 





0.0: 


1 l 4 


— 





as 
5,000 


1Q,000 15,000 20,000 


a) Ne = 0.5 X 104; Vp = 0.05, 0.1, 0.2, 0.5, 1-0 





£@ 


oa 


O7r 





Np*'.0 


oO a. Q a 


l l z 


mall 





5,000 


10,000 15,000 20,000 


b) Ne = 1.0 X 104; Np = 0.05, 0.1, 0.2, 0.5, 1.0 








Lar Lar 

£@Q 49 
.3r L3e 
ze L2e 
Lie 1.4 = 
Lor OF 
09 Os 
a Cy) = 

Ne*' a No? 9, 
os 
0.7 a 07F 
oO. ©. 
Os °. 

sr ose 
as n nl Zz — es ‘ A 7 ‘ 

5,900 10,000 \ 29,000 5,000 10,900 18,000 2a900 

c) Ne = 2.0 X 104; Np = 0.05, 0.1, 0.2, 0.5, 1.0 d) Ne = 4.0 X 104; curves for Np = 0.05, 0.1, 

0.2, etc. 


FIG. 











36 DONALD H. MENZEL AND LAWRENCE H. ALLER 


parts markedly from the old curve. The difference is caused by the fact that electrons 
with energies in excess of about 2.5 volts are remarkably efficient in exciting the green 
nebular lines. The previously mentioned “‘cooling effect’? of even a trace of O 111 is at 
once apparent. 

Of course, O 111 is not the only element that can exert a cooling effect. It is, how- 
ever, usually the predominant atom. Strictly speaking, we should have employed 
2(1 — B)§ashvaz instead of (1 — 8) §ppAvpp in deriving equation (15). Without know- 
ing the collision parameters one cannot calculate N4. Nevertheless (1 — B)§ashvap 
is an observed quantity for each forbidden line, and its functional dependence on 7, is 
known. Furthermore, the excitation potentials of most of the significant levels are not 
too different from that of O m1. Hence, an approximate allowance for other lines can 
immediately be made, if we introduce Vp, an “‘effective’’ value, instead of Np, computed 
by the relation 
(1 — B) Sashvap 


Np: = Np ~ 
(1 — B)&pphvpp 


(17) 


We could easily employ the general relationship, but it seems scarcely worth while to re- 
produce it here. The energy radiated in the far infrared, from transitions like 3P, — 5P,, 
is negligible, partly because v is small and partly because £ is so nearly unity. 


TABLE 3 
Object tas T 

NGC 9027. 2.6405 0.88 300 ,000 
Oe 66 70,000 
6826. , 63 50,000 

6543. a 538 30,000 

| eae, 56 20 ,000 
NGC:7662. ........ 72 100 ,O0O 
(ot 63 50,000 
ee 0.58 30,000 


We refer again to the cooling effect of Om. In Paper V we had calculated, for ex- 
ample, that a nuclear star having a temperature of 80,000° in a pure hydrogen nebula 
would produce an electron temperature of 52,000°. From Figure 3 we ascertain that 
an abundance of only 0.05 atom of O 1 per cubic centimeter in a nebula containing 
104 ions per cubic centimeter—a relative abundance of 1:200,000o—will lower the 
temperature to 18,000°, while an abundance of 1 O m1 atom per cubic centimeter will 
lower the value to 8000°. The low values we have found for the electron temperatures 
are, therefore, consistent with theory. 

With accurate values of V., T., and Np we could, of course, proceed in the reverse 
direction and estimate the temperature of the nucleus. Unfortunately, small inaccuracies 
in these observationally determined quantities would yield large errors in 7;. We have 
proceeded, nevertheless, to attempt the calculation, with the results given in Table 3. 
We place no emphasis on the figures, however, except for noting a general tendency for 
the objects whose spectra exhibit greater excitation to be associated with higher values 
of T,. The only serious discrepancy is NGC 1535, and here a lowering of the electron 
density by a factor of only 1.4 will raise 7, to 48,000°; a factor of 2.0, in the same direc- 
tion, will raise 7, to 150,000°, which value would be more in keeping with the excitation. 

In conclusion one may say that Zanstra’s assumption that most of the electronic 
energy goes into the excitation of nebular lines appears to be a good one. 


HARVARD COLLEGE OBSERVATORY 
January 15, 1941 














THE INTERNAL TEMPERATURE-DENSITY 
DISTRIBUTION OF THE SUN! 
G. BLANCH, A. N. LOWAN, R. E. MARSHAK, AND H. A. BETHE 


ABSTRACT 


An accurate determination has been made of the internal temperature-density distribution of the sun, 
using the point-convective model. Account is taken of the variation of the guillotine factor throughout 
the star in contrast to all previous calculations on this model. The hydrogen content is adjusted so that 
the radiative envelope fits onto the convective core, where all the energy production is assumed to take 
place. The integration is started from the surface of the sun, and it turns out that a hydrogen content of 
35 per cent by weight gives a good fitting of envelope to core, whereas hydrogen contents of 40 or 30 per 
cent give obvious lack of fitting in opposite senses. The interface occurs at a distance outward from the 
center equal to 12 per cent of the total radius. The central temperature is 25.7 - 10° degrees C, and the 
central density 110 g/cm3. While the hydrogen content (35 per cent) agrees with the value found with 
the Eddington standard model, the central temperature and central density are considerably higher 
than the corresponding Eddington values. If the energy source varies as the seventeenth power of the 
temperature—a dependence indicated by the astrophysical data and present theories of energy pro- 
duction, then the convective core contributes 98 per cent of the total luminosity. This justifies the use 
of the point-convective model. Possible improvements in the calculation are discussed. 


I. INTRODUCTION 


In order to make a definite decision as to the source of stellar energy, knowledge of 
the correct temperatures and densities in stellar interiors is essential. In the case of the 
main-sequence stars, even if the carbon cycle were not responsible for the energy pro- 
duction (which it most probably is), the astrophysical data themselves (i.e., the great 
increase of luminosity with mass as one goes up the main sequence) demands a strong 
temperature dependence of the energy source. It follows that of all the stellar models 
suggested—for which calculations are not prohibitively laborious—the point-convective 
model is the closest to the truth. It was therefore thought desirable to make an accurate 
determination of the internal temperature-density distribution of a well-known main- 
sequence star like the sun, using the point-convective model. All previous calculations 
on this model? had adopted an opacity law of the form x = x,p/7°3° (p is the density, 
T the temperature) ; this is equivalent to neglecting the variation of the guillotine factor 
throughout the star. The impossibility of estimating the amount of error introduced 
by this procedure made the temperatures and densities thereby obtained quite unreli- 
able. The only check on the values was their approximate agreement with the values of 
the temperature and density given by the standard model of Eddington. It now appears 
that the agreement was accidental and that, if one takes account of the variation of the 
guillotine factor throughout the star’ (which, of course, corresponds to the actual state 
of affairs), one obtains considerably higher temperatures and densities. 

For the model under consideration it is assumed that the energy is produced entirely 
in the central region of the star, where the temperature is highest. The central core must 
be in convective equilibrium; it is surrounded by an envelope in which the standard 

' The results reported here are based on computations carried out by the “Project for the Computation 
of Mathematical Tables,” with Dr. Arnold N. Lowan as technical director. This project is sponsored by 
the National Bureau of Standards, with Dr. Lyman J. Briggs as director, and is operated by the Work 
Projects Administration, New York City. 

2 Cf., in particular, T. G. Cowling, M.N., 96, 42, 1938. 

_ 43In the actual integration, besides the absorption opacity ka, the scattering opacity x, was also taken 
into account. 
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equation of radiative equilibrium is valid. In this radiative envelope the luminosity is 
taken as constant and equal to the total luminosity, Z. The star equations are integrated 
inward from the surface of the star, subject to the boundary conditions 


p=0, 
T=0, 
M,= M = total mass at r = R = total radius. 


The opacity is calculated at each point of the integration, making the appropriate correc- 
tions for the guillotine factor.‘ 

If the helium abundance is taken as zero,’ both the opacity and the equation of state 
depend essentially on the hydrogen content. The hydrogen content may be so chosen 
that the ‘‘point-source”’ envelope fits onto the convective core, which in the case of negli- 
gible radiation pressure is an incomplete polytrope of index ” = 1.5. This choice is 
unique and completely determines the temperature-density distribution. 

In this paper we report the results of the application of the above procedure to the 
sun for which the radiation pressure is negligible compared to the gas pressure. 


2. THE METHOD OF COMPUTATION 


The equations of stellar equilibrium for a ‘“‘point-source”’ envelope are’ 


dpr _ _ kpL (1) 
dr —s gmr’c’ a 
dP - _GM, (2) 
dr ge Po - 
dM, 
= 4mr’p, (3) 
dr 
ue _ 
P = po + pr=~— pT + haT", (4) 
7 
K = Ka + 1.5Ks = (‘* co te I.5Ks oe (5) 


In these equations a, c, G, and R have their usual significance; their definitions and nu- 
merical values are given in Chandrasekhar’s book, An Jntroduction to the Study of 
Stellar Structure, page 487. The quantity M, is the mass contained within a sphere of 
radius r. The total pressure P consists of two parts, the gas pressure pg and the radia- 

4 Strémgren’s tables of the guillotine factor (cf. Zs. f. Ap., 7, 22, 1933) were used, augmented, when- 
ever necessary, by our own. 

5 The remainder of the chemical composition is supposed to consist exclusively of Russell mixture. 

6 Cf. B. Strémgren, Zs. f. Ap., 2, 347, 1931. 


7 This formula is approximately valid when x, < ka; if x; > ka, one should take x = kx, + 1.5kq (cf. 
B. Strémgren, Zs. f. A p., 7, 222, 1933). In the case of the sun, x, is not very important; thus k,/ Kg = 0.03 
at the interface between the convective core and radiative envelope. For more massive stars of the main 
sequence the scattering opacity becomes increasingly more important. 
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tion pressure pr; in the expression for pg, u is the average molecular weight and equal*® to 
1/[2Xa4 + nr(1 — Xq)|, where Xy is the hydrogen concentration and nr the number 
of independent particles (free electrons plus nuclei) per proton. For a Russell mixture 
of elements which are completely ionized, the maximum value of nz is 0.54. In our cal- 
culation for the sun, u was taken as constant throughout the star, and incomplete ioniza- 
tion was corrected for in an average way by choosing? nr = 0.46. Further, the con- 
tributions from both photoelectric absorption and scattering are included in the total 
opacity x. The absorptive opacity xa contains the guillotine factor 7 and a constant 
x, depending on Xy, which may be written as 


kK, = 7.65 X 10°(1 — Xq)[Xa + n-(1 — Xz)] 
with ». the number of free electrons per proton. The scattering opacity is given by 
ks = 0.385 > [Xa + n-(1 — Xu)]. 


For the sun the same type of correction’ made for nr leads to a value 0.42 for m. 
If a change of variable is made, equations (1)—(3) become 





| Ta Sa Da, (6) 
tT Tos T3 
dem 4: aS Ge ah, (7) 
(3 1 
dt 
du = —Awp 7, . (8) 
where 
oe mn _R vi M, 
| T=10°7 , om a 
— oak ” ig 4.5k.L — 
 16macR ed “* 16macR ' : 
— uGM — — 4du 1018 — 4nR3 
} ai ad ZR ? 3 3G) ‘ i cil M ~ 


If the solar values of L, M, and R are inserted and if we choose Xq = 0.35065 (i.e., 
uw = 1), we get 


Ao = 443,730, A, = 5.1511, A, = 23.116, 


A, 1.2216 X 10-4, A, = 2.1261. 


8 Cf. S. Chandrasekhar, An Introduction to the Study of Stellar Structure, p. 260. 


9 This correction is taken from Strémgren, Zs. f. Ap., 7, 229, 1932; the correction is made by finding 
the state of ionization at the point in the star where T ~ §T7-. 

10 A similar correction is made in converting from the variables (p, T) to (¥/kT, T) when using Strém- 
gren’s table of 7; i.e., we take 


T I 8.10 - 1079 [3/2 
e¥ aT + - = > . 
23/2, p(o.42 + 0.58XH) 
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For purposes of internal checking, the constants determining A,,...., A, were as- 
sumed to be exact, and the values given above to five significant figures formed the basis 
of the integration of equations (6)-(8). 

At the surface du/dr = o to a high order of approximation; moreover, the terms 
involving A, and A; can be neglected and 7 can be taken as 1. Stromgren’s method" was 
then used to obtain an initial value of ¢ and p for T = 0.92 X 10°. The algebra deter- 
mining Stromgren’s formulae was carefully checked and found to be correct. It turned 
out that the corresponding initial values of ¢ and p were 1.172 and 0.0018, respectively. 
After calculating d7/dt, dp/dt, and du/dt for this initial set, the corresponding values 
of T, p, and u were obtained for ¢ = 1.2 by the relations 


du 


—=" dT dp 

P=1,+h7 ; p=pth, eer+e—, 
where h = 1.2 — 1.172 = 0.028 and 7, and p, are the initial values of JT and p. From 
this point onward successive values were obtained by numerical integration. At the 
beginning / was taken equal to 0.025, so that the relation f(¢) = f(t.) + Af’ (to.)—where 
f(t) is any of the functions 7, p, or u—gave sufficiently accurate results so that subse- 
quent smoothing was unnecessary. The interval was increased to 0.05 at ¢ = 1.45 and 
to 0.10 at ¢ = 3.50. From ¢ = 1.45 onward the standard “difference’’ methods of nu- 
merical integration” were applied. 

Four significant figures were carried in the computations. Usually the third difference 
was of negligible importance. It should be remarked that in the early regions of the 
star the variation of 7 was at times too erratic for satisfactory integration purposes. 
However, the interval was taken small in those regions, and it is believed that, on the 
whole, the third significant figure is close to the truth for the values of 7 as tabulated. 
At t = 8.242, 


d log p aii iil 

d log T er 
so that radiative equilibrium gives way to convective equilibrium. Furthermore, we 
get, for the two functions of fit,'4 


: 8G \? prs 
l = 0 = ( (a) - 2310, ( | 
g = Me T? t=8.242 ae ’ 
eee 5 & dé Me GuMo ( u = 1,086¢ 
— 2 60dé 7 R 71 J tn8.249 a 


In equation (9) 6 is the Emden function of index 3/2, and é is the normalized distance. 
U and V lead to values of & = 1.1093 and = 1.127, respectively; i.e., AE = &(U) — 
&(V) = —o.016. It is estimated from the number of significant figures which are carried 
in the calculation that the uncertainty in Aé is +0.025. We therefore consider that a 
hydrogen content of 35 per cent has achieved “‘proper”’ fitting of radiative envelope to 


3 Zs. f. AP., 25 350, 1931. 

12, Cf. Smithsonian Mathematical Tables, chapter on ‘‘Numerical Integration.” 

'3 This is the usual approximation which is taken; it corresponds to choosing the ratio of specific heats 
at constant pressure and volume as 5/3, as for a monatomic gas. Cf. Cowling, loc. cit. 


‘4 Cf. Chandrasekhar, op. cit., p. 222; also Vol. II of Tables of British Association for the Advancement 
of Science. 











In 


an 


fo 

















TEMPERATURE-DENSITY DISTRIBUTION 41 


convective core’ and that the corresponding (7, p, «) distribution is the “‘correct” one 
for the sun. This distribution is given in Table 1 as a function of ¢. The results in this 
table are given at intervals at least twice as large as were used in the actual computation. 
Values for ¢ > 8.242 can easily be found from tables of the Emden function of index 
3/2. Thus, 


T = 25.7 + 10°0 | 
p = 11003/? | tint 
dé | é 
M, = —5.97 X 1037? — | 
dé | 


In particular the central values of T and p (i.e., for ¢ = ©) are, respectively, 25.7 + 10° 
and 110. 

To make certain that Xy = 35 per cent gave much better fitting than adjacent values 
of the hydrogen content, the identical integrations were performed for Xq = 30 per 
cent and Xqg = 40 per cent until d log p/d log T = 1.50. For Xq = 30 per cent it was 
found that at the “apparent” interface A¢ = + 0.17, while for Xz = 40 per cent, Ag = 
—o.20.'° Quantitatively, the lack of fitting, which is quite outside the probable error, is 
about the same for a 5 per cent change in hydrogen content and with opposite sign. 
These results give additional weight to the choice of 35 per cent as the hydrogen con- 
tent, which assures proper fitting of radiative envelope to convective core. It is interest- 
ing to note that Xq = 30 per cent gives an “‘apparent”’ central temperature of about 
23.5 + 10° and a central density of about 75; on the other hand, Xq = 40 per cent gives 
an ‘‘apparent’”’ central temperature of about 29 - 10° and a central density of about 
170. Tables 2 and 3 contain the (7, p, «) distributions for X = 30 per cent and Xq = 
40 per cent, respectively;'? values are given at larger intervals than Table 1. 

Finally, we have checked the self-consistency of the chief assumption underlying the 
point-convective model for the sun, i.e., the extent to which the computed temperature- 
density distribution leads to a concentration of energy sources which to a high accuracy 
is restricted to the convective core. We have calculated the ratio 


aie | 


Letal 


Tconv : 
4mr’pedr 
oO 
= z ; 
4mr?pedr 
0 


1s The ‘‘correct”’ value cf ¢ was taken as the average of £(U) and ¢(V). 


© For XH = 30 percent 


> 


f &( E (2.6733) = 1.3876 | . 
| &( & (1.2833) = 1.2216 | ’ 
for XH = 40 per cent 
t(U) = & (0.5515) = 0.8910 | 
&(V) = = (1.0091) = 1.0875 


‘17 The computation of the XH = 40 per cent table was based on values of the guillotine factor on the 
average 10 per cent higher than the Strémgren values. 
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TABLE 1 


DISTRIBUTION OF TEMPERATURE, DENSITY, AND MASS ON THE POINT-CONVECTIVE 





























MODEL FOR THE SUN WITH p = 1 (XH = 0.35065) 
——<—— —— ——————————— — Se er SR I a ESS = 
t ° 107° | p u T Pr/ Po (dp/dT) 

I. 200 1.07 | 0.00451 1.000 1.071 
I. 300 1.61 0.0175 ©.999 1.1255 
I .400 2.10 0.0457 0.997 r.412 
I.50 2.03 0.0903 0.994 1.409 
1.60. EM o3" 0.175 0.989 1. 347 | 
1.70. 3-73 0. 288 0.983 1.319 | 
1.80. 4.26 0.443 ©.974 1.374 | 
1.90 4.76 0.651 0.965 1.405 
2.00 £25 0.917 ©.953 1.618 0.0045 3 
2.10 5.93 1.25 0.940 1.741 
2.20 6.20 1.66 0.926 1.887 
230. 6.65 2.45 0.918 1.985 | 
2.40. 7.08 2.73 0.893 2.385 
2.50. 7.49 3.42 0.875 2.700 
2.60 | 7.89 4.21 0.856 2.925 
2.70. 8.29 5.10 0.836 3.215 
2.80 8.67 6.10 0.815 3.555 
2.90. | 9.05 72% 0.7904 3335 0031 
3.00 9.43 8.41 o.772 3.80 
3.10. | 9.81 9.70 0.750 4.06 
3.20 | IO. 2 ir .d 0.725 4.35 
3.30 10.5 12.6 0.705 4,'82 
3.40 | 10.9 14.1 | 0.682 4.07 
3.50 cE.2 ES. 7 0.660 4.85 
3.60 11.6 17.4 0.638 e'.03 
3.80 52,2 20.9 0.5904 5.29 | 
4.00 | 12.9 24.6 0.552 5.560 | 
4.20 | 13.5 28.4 0.513 5.81 
4.40 14.0 32.1 0.475 6.05 
4.60 14.6 35.9 ©.440 6.17 
4.80 15:1 39-5 ©.407 6.27 
5.00 | 15.6 43.1 0.377 6.34 
5.20 16.0 |} 460.5 0.348 6.42 
5.40 160.5 | 49.8 0.322 | 6.50 
5.60 16.9 | 52.9 | 0.299 | 6.57 
5.80 17.3 | 55.0 0.277 | 6.64 
6.00 | 7.7 | 58.6 0.257 6.69 
6.20 18.0 | 61.3 0.238 | 6.74 
6.40 18.4 63.7 0.221 6.81 
6.60 18.7 66.0 | ©. 206 } 6.86 
6.80 19.0 68 .2 | 0.192 6.91 | 
7.00 19.3 | 70.2 0.179 6.95 0.0031 I 
7.20 19.0 <p 0.1607 | 60.99 
7.40 19.5 73.8 0.101 7.01 
7.60 20.1 75-4 0.140 7:07 I 
7.30 20.3 | 70.9 OC. 237 | 7 .is 
5.00 20.6 | 78.4 0.128 CBR Se I 
8.20 20.8 | 79-7 0.121 aoe I 
8.242 20.9 | 80.0 0.119 ” 32 I 
oo 25.7 | 110 0.000 
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TABLE 2 


DISTRIBUTION OF TEMPERATURE, DENSITY, AND MASS ON THE POINT-CONVEC- 
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TABLE 3 


DISTRIBUTION OF TEMPERATURE, DENSITY, AND MASS ON THE P 
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where conv is the radius of the convective core and ¢ the energy production per gram per 
second. Since it is believed that the carbon cycle is the source of energy, we have inserted 
for the expression 3.10% X yf*e> where ¢ = 152/7"/3 and T is measured in millions 
of degrees. However, the result is quite independent of the specific reaction: it holds for 
any energy-production mechanism which increases with about 7"7. Such a strong tem- 
perature dependence for the energy-production process in main-sequence stars is de- 
manded by the great increase of luminosity with mass, and the precise power is in good 
agreement with some statistical considerations of Gamow'’ and Russell. In the case of 
the carbon cycle the power dependence varies from 16.5 at the center of sun to 17.4 at 
the edge of the convective core. We find that a = 0.975; i.e., less than 3 per cent of the 
energy would be produced in the radiative envelope. This signifies that a temperature- 
density distribution derived on the basis of the point-convective model departs only 
slightly from the true temperature-density distribution for a strong energy-source con- 
centration such as that given by the carbon cycle. It is interesting to note that the car- 
bon cycle (for a 1 per cent concentration of carbon and nitrogen and with the new cap- 
ture widths of nitrogen'’) leads to a predicted total luminosity for the sun equal to 
5.6 » 1035 ergs/sec—a value about one hundred times as large as the observed value. 


3. CONCLUSIONS 


We have found that when account is taken of the variation of the guillotine factor 
(using Strémgren’s tables) the point-convective model for the sun leads to- 

a) A hydrogen content of 35 per cent; this value is almost identical with the one pre- 
viously obtained using the Eddington standard model. 

b) Acentral temperature 7. of 25.7 - 10° and a central density p of 110; these values 
are considerably higher than those derived with the Eddington standard model (7. = 
19.6 * 10°, p. = 76.5) or with the point-convective model with constant guillotine fac- 
tor?® (T. = 20.4 + 10°, p. = 50.8). This result underlines the danger involved in using 
oversimplified stellar models. 

c) An interface between the convective core and radiative envelope at a distance out- 
ward from the center equal to 12 per cent of the total radius; this is to be contrasted 
with 17 per cent found with the “‘constant”’ point-convective model. 

In making use of Table 1 the following points should not be lost sight of: 

1. Strémgren’s tabulation of the guillotine factor as a function of temperature and 
density was used throughout; recently Morse” has published an improved set of tables 
of the guillotine factor in which screening and the presence of near-by atoms are corrected 
for. Morse’s values of the guillotine factor are consistently higher than Strémgren’s 
sometimes as much as 40-50 per cent in the (7, p) range entering in the case of the sun 
and would therefore lead to lower temperatures. The precise extent to which the tem- 
perature would be lowered is difficult to estimate. We have found that an over-all in- 
crease of the guillotine factor of about 10 per cent (becoming as large as 15~20 per cent 
in the central region of the sun) decreases the central temperature less than 500,000”. 

2. In the present calculation the chemical composition has been taken as consisting 
of a fraction Xy of hydrogen, and the remainder (1 — Xx) exclusively of Russell mix- 
ture. If the relative proportion of iron were increased or if the presence of still heavier 
atoms were assumed, the opacity would be appreciably increased for certain tempera- 
tures corresponding to the appropriate absorption limits. However, the over-all effect 
would probably be small.27 A more important uncertainty is the helium abundance, 


8 Cf. Ap. J., 89, 130, 1939. 
19 Cf. H. A. Bethe, Ap. J., 92, 118, 1940. 
20 Cowling, Joc. cit.; R. E. Marshak, Ap. J., 91, 362, 1940. at Ad. J., 92, 27, 1940. 


22 Morse’s paper (/oc. cit.) gives the opacity for a wide variety of chemical compositions. 
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which until now has been taken as zero for reasons of simplicity. According to the at- 
mospheric evidence,?3 helium should be investigated. The presence of helium will, of 
course, lower the temperature; an estimate of the effect is furnished by similar calcula- 
tions of Strémgren,?4 using the Eddington standard model. It seems that in the case of 
the sun the central temperature can be lowered as much as 25 per cent by choosing a 
helium content of 40 per cent by weight. Strémgren obtains a similar result for Sirius A 
and changes of only 1o per cent in the central temperature for more luminous stars of the 
main sequence such as the brighter components of U Ophiuchi and u Herculis. 

3. The degree of ionization changes throughout the star. In principle this is calculable 
and should be taken into account in a more accurate determination of the (7, p) dis- 
tribution. In our computation we have applied a correction for incomplete ionization in 
connection with the molecular weight and the opacity, but it is difficult to say how close- 
ly it describes the true state of affairs.*> Moreover, it may be necessary to change the 
polytropic index of the convective core somewhat due to incomplete ionization.” 

4. The procedure we have used for the sun will have to be modified to some extent 
for stars in which the radiation pressure is not negligible. The fitting-on of radiative en- 
velope to convective core then becomes more complicated.’ 

In view of the uncertainties enumerated above, we do not regard the discrepancy of 
a factor of 100 between the predicted and observed luminosities of the sun”* as any argu- 
ment against the carbon cycle as a source of energy of main-sequence stars. These un- 
certainties appear insignificant when the carbon cycle is compared with other nuclear 
reactions. All other reactions (except possibly the proton-proton reaction for less lumi- 
nous stars of the main sequence) are excluded by much larger factors than 100. More- 
ever, it is almost certain that an improved calculation (suitable admixture of helium, 
Morse’s tables of the guillotine factor, etc.) will remove the discrepancy completely. 


January 1941 


23 Cf. A. Unséld, Physik der Sternatmos phdren, 1938, and S. Rosseland, Theoretical Astrophysics, 1936. 
24Cf. Ap. J., 87, 520, 1938. 


25 If the temperature-density distribution given in Table 1 is used to compute the molecular weight 
(for 35 per cent hydrogen abundance and the remainder Russell mixture) at different points in the sun, 
it is found that the molecular weight first decreases as the center is approached, reaches a minimum of 
about 0.97 at one-third the distance inward from the surface, then increases monotonically, attaining a 
value 1.03 at the center. The initial decrease in «4 would tend to lower the temperature which has been 
found with an assumed constant u = 1.00 throughout the sun, while the later increase in » would tend 
to raise the temperature; the over-all effect would probably be small. However, there exists no simple 
perturbation procedure for estimating this effect, and it seems just as feasible to reintegrate the equa- 
tions of stellar equilibrium taking direct account of the variability in uw. It is also worth remarking 
that the molecular weight not only changes with the degree of ionization but would also vary if 
the relative abundance of hydrogen to heavy elements were not constant in stellar interiors. Such a cor- 
rection could be made only on the basis of a complete investigation of the extent to which stellar material 
is well mixed up in a time of the order of the age of the star. We are indebted to Professors Chandra- 
sekhar and Gamow for a discussion of these points. 


2 We are indebted to Dr. M. Schwarzschild for this remark. 


27 Professor Chandrasekhar has kindly informed the writers that he has found a suitable method of 
taking accurately into account the influence of radiation pressure in the point-convective model. 


28 Cf. end of sec. 2. 











ASYMMETRY IN THE LIGHT-CURVES OF ECLIPSING VARIABLES 
PHILIP H. TAYLOR 


ABSTRACT 

The light-curves of 74 eclipsing systems were examined. It was found that 33 of these are asymmetri- 
cal. The group of stars formed by selecting one component of each of these systems closely defines the 
relation Pp'/? = 0.37, where P is the orbital period in days and p is the mean density in solar units. 
The explanation is proposed that asymmetry, in each case, is due to the resonance of a free period of 
oscillation of the component with the imposed period of change in tidal force. 

Two relations derived by Cowling and Emden, expressing the free period as a function of the mean 
density, were solved for the constant. The former, which applies for masses of homogeneous incompress- 
ible fluid, yields the value 0.314. The latter gives the corresponding period of oscillation for polytropic 
gas spheres, the constant being 0.20. 

A discussion of the data for 444 components shows that the function derived from the asymmetrical 
systems is an approximate upper limit for all eclipsing variables, so that very few components have lower 
densities. 

The relative radii of the disturbed components depend only on the mass ratio and are given by 
—r. 

M, 0.098 : 
The mass ratios of Gaposchkin for the variables of Table 1 define the limits 0.28 < r; < 0.43, the mean 
value being 0.318. For the particular case M,/M, = 1, 7; = r, = 0.37. 

The possible identification of systems showing asymmetry with contact binaries is discussed, contact 
having been proposed by Kuiper to explain anomalies in the light-curve and spectroscopic details of 
8 Lyrae. Evidence both for and against the generalization of Kuiper’s results to include the other asym- 
metrical systems is given. 

The conclusion is reached that, whereas we do not yet have a definite mechanism for explaining in 
detail the physical background of the asymmetries, it is probable that they are produced by the phenom- 
enon of resonance or that of contact. 


1. The light-curves of many eclipsing variables are asymmetrical.' This departure 
from symmetry, which occurs both outside and (in some instances) within eclipse, can- 
not be interpreted by means of the standard theory—including the effects of ellipticity 
and reflection. The latter corrections account for a change in light of the form 
c, cos 6 + c, cos? 6, 6 being the longitude in the orbit. The asymmetries are expressed 
by s; sin@ + s, sin?@. In the presence of these terms there is no guaranty that the cosine 
terms are entirely due to ellipticity and reflection. 

The sine terms suggest at once a forced oscillation in the light having the orbital 
period or, occasionally, half of it. Increase in the tidal distortion at periastron has been 
computed and is usually much smaller than that which could account for the observed 
asymmetry. It is possible, then, that the latter is due to some type of resonance of a 
free period of oscillation of one of the components with the imposed period of change in 
tidal force. If this is the case and if the components in question are built on a similar 
model, then the orbital period (P) and the density should be related by 


Ppi?@=k, (1) 


where & is a constant depending on the type of oscillation and structure of the star. 
Gaposchkin’s? study of 224 eclipsing systems has provided us, for the first time, with 
data concerning the densities extensive enough to allow using most of the well-observed 
light-curves. 
2. In Tables 1 and 2 are listed all the variables whose light-curves were examined, 
* Of those examined, 45 per cent show asymmetry. 2 Proc. Amer. Phil. Soc., 82, 291, 1940. 
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ASYMMETRY OF LIGHT-CURVES 


TABLE 1 





No. Variable log P log px log p2 | Class Reference 
I. RT And | —o0.20}| —0.07 | —o0.47*| 1 Jordan, Pub. Allegheny Obs., 7, 160, 1929. 
2 AA And —0.03) —0.68 | —0.84*| 1 Guthnick and Prager, K.V.B.B., 4, 15, 1927. 
3 AB And* | —0.48) +0.07*| +o0.05*| 1 Ibid., p. 16. 
4 AD And’ —0.01) —0.78*, —0.83*|} 3 Taylor and Alexander, Pub. U. of Pennsyl- 
| vania, Astron. Ser., 6, 1940. 
ae S Ant® | —o.19 —0.51*, —o0.42*| 1 Joy, Ap. J., 64, 287, 1926. 
6 i Boo —0.57| +0.37*, +0.37*| 1 Shapley and Calder, Harvard Bull., No. 907, 
Pp. 13, 1938. 
7 SS Cam | +0.68; —2.37*| —1.09 2 McDiarmid, Princeton Contr., No. 7, p. 50, 
1924. 
8 SV Cam | —0.23) —0.31*, —o.19 3 Pierce, Princeton Contr., No. 18, p. 1, 1938. 
9 S CVn? | +0.68) —0.32 | —2.05*| 3 Sitterly, Princeton Contr., No. 11, p. 21, 1930. 
10 UW CMa | +0.64) —2.26*, —2.10*| 2 Gaposchkin, Harvard Bull., No. 902, p. 17, 
1936. 
II SX Cast | +1.56| —2.39 | —3.38*| 2 Dugan, Princeton Contr., No. 13, p. 1, 1933- 
12 TV Cas® +0.26 —o.89 | —1.37*| 1 Cummings, Laws Obs. Bull., 2, 191, 1917. 
13 UCep! | +0.40) —0.73 | —1.69*} 3 Dugan, Princeton Contr., No. 5, 1920. 
14 AH Cep +0.25| —1.1§5 | —1.60*| 1 Zverev, V.F.P.A., 4, 177, 1933- 
Ee. RW CrB | —o0.14} —o0.50*| —0.43*| 2 Pierce, op. cit., p. 18. 
16 WZ Cyg —0.23| —0.61*| —o.55*| 1 Jordan, op. cit., p. 153. 
) Oe GO Cyg® | —o0.14) —0.67*, —0.49*| 2 Pierce, A.J., 48, 113, 1939. 
18......| WW Dra 0.67; —1.49 | —2.43*| 2 Plaut (diss., Leiden), p. 25. 
ae SZ Her | —0.09| —0.40 | —o0.74*| 1 Dugan, Princeton Contr., No. 6, p. 23, 1924. 
20 TT Heri —0.04| —0.89*) —0.63 I Baldwin, A.J., 48, 1, 1939. 
21 AK Her —0.38] —0.06*| 0.13 2 | Jordan, op. cit., p. 142. 
22 u Her? 0.31| —1.59*, —1.15 I Baker, Laws Obs. Bull., 2, 209, 1917. 
23 RX Hya 0.36, —o.61 | —1.42*| 2 Dugan, Pfinceton Contr., No. 14, p. 1, 1933. 
24 8 Lyr I.1l, —2.99* —2.77 3 Huffer, Pub. Washburn Obs., 15, 209, 1931. 
25 RV Opht 0.57; —O.50 | —1.44*| 2 Dugan, Princeton Contr., No. 4, 1916. 
26 ER Ori | —0.37) 0.15*,| 0.15*| 2 | Taylor and Alexander, of. cit. 
27 RT Per —0.07/ —0.22 | —0.55*| 3 Dugan, Princeton Contr., No. 1, 1911. 
28 U Sge 0.53| —1.07 | —I.g1*| 2 Russell, Fowler, and Borton, Ap. J., 45, 306, 
1QI7. 
20 RT Scl —0o.29)| —0.49* 0.2 2 Dugan, Princeton Contr., No. 8, p. 11, 1928. 
30 V Tri —0.23| —0.08 | —0.34*| 2 Jordan, op. cit., p. 157. 
31 W UMa | —0.48) 0.22%; 0.22*| 3 Huffer, Ap. J., 79, 369, 1934. 
32 W UMi 0.23) —1.32*| —1.38*| 2 Dugan, Princeton Contr., No. 10, p. 15, 1930. 
33 Z Vul 0.39) —o.81 | —1.83*| 1 Baker, op. cit., p. 173, 1916. 


* Components selected 
ft Omitted in deriving the constant 0.37 
NOTES TO TABLE 1 

® Perhaps the most questionable case among those included. Jordan's curve is very nearly symmetrical. 

b Densities are from Gaposchkin’s list. 

¢ Densities as given by Joy 

4 Asymmetry in an unusual form. 

¢ The curves of McDiarmid and Jordan are inconclusive regarding departure from symmetry. 

! The classic case of asymmetry. The effect is beautifully shown not only outside eclipse but during totality as well. 

&« The mean density of the two components was taken because of the assumptions which were necessary in deriving the ele- 
ments. 

h My own (unpublished) measures show the maximum between secondary and the following primary to be definitely higher 
than the other. Densities are from Russell and Moore 

i Densities are those computed by Baldwin. 

i The asymmetry shown by Baker’s excellent photographic curve seems to have been proved nonexistent by his later photo- 
electric measures (Laws Obs. Bull., 12, 130, 1926). I think it more probable, however, that apsidal motion between the two epochs 
has operated so as to blend the ‘‘periastron’’ and ‘‘reflection’’ effects. This opinion is supported to some extent by the disappear- 
ance of the displacement of secondary minimum in the later curve 
k Densities computed by Taylor and Alexander. 
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TABLE 2 


No. Variable log P log px log p2 Reference 
Bis TW Aad ey 62 | —0.93 —1.76* | Dugan, Princeton Contr., No. 14, p. 11, 1933. 
Bes WZ Andf | —o.16 | —o.29 —o.89* | Jordan, Pub. Allegheny Obs., 7, 168, 1920. 
oe RY Aqr +0.29 | —0.53 —1.17* | Dugan, Princeton Contr., No. 6, p. 61, 1924. 
ro V343 Aql* | +0.26 | —o0.64 —1.15* | Taylor and Alexander, Pub. of Pennsyl- 
vania, Astron. Ser., 6, 1940. : 
RS WW Aur +0.40 | —0.72* | —o.70* | Dugan, Princeton Contr., No. 10, p. 3, 1930. 
6.. AH Aurf | —o.31 | —0.14 —o.38* | Prager, K.V.B.B., 6, 5, 1929. 
oe AK Aur +0.85 | —0o.50 —1.56* | Ibid., p. 7. 
Be.5% AR Aur +0.62 | —o0.40 —o.52* | Nassau, A.J., 45, 137, 1936. 
Q.. 6 Aur +0.60 | —0.97 —0.97 Stebbins, Ap. J., 34, 112, 1911. 
ae Y Cam>| +0.52 | —1.27 —1.67* | Dugan, Princeton Contr., No. 6, p. 5, 1924. 
rz: ; R CMa* +0.06 | —o.27 —o.75* | Wood, A.J., 48, 185, 1940. 
[2.. CV Car +1.16 | —1.24 —3.08* | Plaut (diss., Leiden), p. 11 
BS as RZ Cas +o.08 | —o.49 —1.02* | Dugan, Princeton Contr., No. 4, p. 24, 1916. 
oo TW Cas? | +0.46 | —0.67* | —o0.73* | McDiarmid, Princeton Contr., No. 7, p. 16, 
1924. 
PS..: TX Case | +0.47 | —2.24* | —1.72 Ibid., p. 30. 
16.. XX Cas +o.49 | —1.64* | —1.46 Pierce, Princeton Contr., No. 18, p. 10, 1938. 
C2: VW Cep! | —0.56 | +0.49 +o0.08* | Dugan, Princeton Contr., No. 13, p. 13, 1933. 
18 . U CrB 0.54 | —0.I5 —2.14* | Baker, Laws Obs. Bull., 2, 233, 1921. 
IQ.. Y Cyg 0.48 | —1.09* | —1.09* | Dugan, Princeton Contr., No. 12, 1931 
20... DK Cyg —0O.33 | —0.OI —o.37* | Guthnick and Prager, K.V.B.B., 4, 9, 1927 
yee W Dele 0.68 | —1.05 —1.98* | Russell, Ap. J., 36, 133, 1912. 
22)... Z Dra* 0.13 | —0.49 —1.03* | Dugan, Princeton Contr., No. 2, 1912 
a3. RZ Dra —0o.26 | —0.08 —o.87* | Jordan, op. cit., p. 1409. 
24... YY Gemi | —o.09 °.12* 0.23 van Gent, B.A.N., 3, 121, 1926 
ee RX Her 0.25 | —o.58* | —o.58* | Baker and Cummings, Laws Obs. Bull., 2 
Igt6. 
26.. RT Lac 0.70 | —1.91* | —1.98* | Fowler, Ap. J., 52, 257, 1920. 
27.. SW Lac —0.49 0.14 0.02* | Jordan, op. cit., p. 131. 
28.. VY Lac ©.02 | —0.45 —o.86*  Guthnick and Prager, op. cit., p. 14. 
2Q.. , AR Lac 0.30 | —0.45 —I 25" Schneller and Plaut, A..V., 245, 387, 1932. 
20... T LMi 0.48 | —0.96 —1.64* | McDiarmid, op. cit., p. 43. 
ct RR Lyni 1.00 | —o.85* | —o 30 Huffer, Pub. Washburn Obs., 15, 199, 1931. 
32... WZ Oph* 0.62 | —o.12* | —o.16* | Gaposchkin, Harvard Bull., No. 907, p. 1, 
1938. 
Cre U Peg —0.43 | —o.18* | —o.26* | Jordan, op. cit., p. 139. 
cy oe AG Per 0.31 | —0.95* | —0.67 Huffer, op. “a P 102. 
26... V Pup 0.16 | —1.35* | —1.30* | van Gent, B.. , 8, 319, 1939 
36... uy Sco! 0.16 | —1.02 —1.21* | Rudnick and i vay we J., 87, 553, 1938 
37 RZ Sct 1.18 | —1.98 —3.33* | Baker, op. cit., p. 64 
38 RZ Tau —o.38 | —o.44* O.II Scat, B.A.N., 3, b1,:1025 
39.. be beg —0.01 | —0.32 —o.89* | Dugan, Princeton Contr., No. 8, p. 3, 1928 
40.. TX UMa 0.49 | —0.56 —1.39 | O’Keefe, Harvard Bull., No. 908, p. 29, 1938. 
Tor RS Vul 0.65 | —1.66* | —1.72* | Dugan, Princeton Contr., No. 6, p. 33, 1924 


* Components selected 
t The two values of p are nearly equidistant from the function 


NOTES TO TABLE 2 


8 Densities computed by Taylor and Alexander 
| 
suggestive. The reflection in this instance cannot be a hidden periastron effect 
:* The classification was made by also considering the curve and solution of Dugan (Princeton Contr., No.6, p 
p.e. measures might admit a very small amount of asymmetry not evident in the visual curve 
4 Both the flatness of the curve between eclipses and the definite eccentricity found show that resonance, at 


probably not taking place in this system. In these respects it ranks with, but is an even more convincing case than, 
¢ This is a doubtful case, since the effect of variability of the comparison star was removed in a somewhat arbitrary ma 


tending to mask any asymmetry if it were present 
f The elements of this system are uncertain 


{Notes continued on following page] 


b The large eccentricity indicated by the displacement of secondary minimum, coupled with the absence of asymmetry, is 
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the maxima of which had been covered to the extent that classification was possible. 

Table 1 is made up of those cases in which the asymmetry is either marked or rises 

sufficiently above the observational scatter so that its reality can be accepted with some 

confidence. The column headings are, in the main, self-explanatory. Attention is called 
to the subscript 1 which refers to the component of greater visual luminosity. The order 
of Gaposchkin’s table is only slightly disturbed by adopting this convention. 

Selection for inclusion in Table 1 was made on the following bases (the numbers are 

those appearing in col. 6): 

3. Undoubted asymmetry.—Shown by a well-observed light-curve. Photoelectric observations or 
the best-grade photographic or visual. The effect preferably to have been noted by the ob- 
server. 

2. Probable asymmetry.—A large effect defined by observations which are few or of poor quality, 
or a smaller effect based upon good observations. 

1. Possible asymmetry.—Nearing the minimum detectable by the method employed. 


Table 2 contains those systems not admitted to one of the three classes above. The 
omission of the column corresponding to 6 will be discussed presently. 

The observatory represented most often among the entries of Tables 1 and 2 is Prince- 
ton. This superb series of photometric studies was especially welcome because the meas- 
ures were all made with a single photometer-objective combination, and many of them 
by one observer—R. S. Dugan. The photoelectric light-curves, of unequaled precision 
when considered singly, are given second place principally because they are fewer in 
number. A subordinate detail is the lack of homogeneity necessarily imposed by a rapid 
advance in instrumental technique. 

3. A preliminary plot was made to determine whether or not a relationship exists 
between log p and log P. It became immediately evident that one does and that when 
the components are of unequal density the one of lower density is involved. Figure 1 
is a plot of the components of lower density except when the densities are the same (or 
nearly so); in these cases the geometric means were taken. 

The solid line is that which was adjusted to fit the points as well as possible, demand- 
ing (a) a linear relationship and (b) an exponent of 4 for the density. This line, the equa- 
tion of which is 


Ppt? = 0.37, (2) 


gives an excellent representation of the observations with perhaps a slight indication 
that an empirical curve would have a steeper slope. 

As the period of each variable is accurately known, the deviation from equation (2) 
can come about only through errors in the determinations of density. The standard 
deviation in log p is + 35 per cent. The whole of this could be produced by a probable 
error of + 8 per cent in the radii, so it is not a serious matter. 

RV Ophiuchi and SX Cassiopeiae are represented in Figure 1 by means of crosses. 
In both of these cases the period is twice as long as agreement with the function would 
require. Or, putting it another way, the deviation in density is about 360 per cent. 
This suggests that resonance is occurring at one-half the period of revolution. Inspec- 


NOTES TO TABLE 2—Continued 

s Russell noted that thirty-eight observations outside eclipse, made by Wendell, show no evidence of change. 

bh Dugan pointed out that there is a definite bulge halfway down in primary. The computed eccentricity of o.c10 is the mini- 
mum value and is uncertain because of the shallowness of secondary 

i The flatness of the maxima is deduced from van Gent’s assumption of circular disks. 

i Perhaps the best example of a system to be excluded from Table 1. Densities are Huffer’s values. 

k WZ Ophiuchi offers several interesting points of similarity to, and contrast with, AR Aurigae. e = 0.08, from the durations 
of eclipses 

1 Small random fluctuations of brightness during the maxima and in secondary minimum noted. Photometric elements un- 
certain because of the shallow minima (Prim. = 0™3, Sec om 2) 
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tion of the curve of RV Opiuchi shows that the variation seems to complete a cycle 
in 3P. While the light-curve of SX Cassiopeiae is unquestionably asymmetrical, it shows 
marked irregularities and requires further investigation. Both of these stars were omit- 
ted in deriving the constant on the right side of equation (2). 

At first different weights were assigned on the basis of how certainly the measures 
(of a given precision) seemed to define the asymmetry (of a given size). But it was 
found later that the average deviation, from residuals in density, is about the same for 
all three classes, being 25, 25, and 28 per cent for those of weights 3, 2, and 1, respec- 

tively. The weights, as such, were then 
T 77— abandoned. 
// .| The relation (2) represents, approximate- 
oe Hf ly, a limit for ordinary eclipsing variables 


-3 





‘ 1 y _| such that, disregarding accidental scatter, 
fy no component may have a lower density. 
i] The components in Gaposchkin’s tables (444 
; in number, e Aurigae and VV Cephei being 
: left off) were plotted in Figure 2. The solid 
line again (as in succeeding figures) is 
equation (2). 

4. Cowling’ has derived a formula for 
computing the free period of oscillation of 
one component of an eclipsing system in the 
absence of the other, namely, 
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— | whereo is related to the period of oscillation 
-=---Bpheas) | (P’) by o = 2x/P’ and where @, the angular 

| velocity of rotation, is 2/rP. Regarding the 
if ' periods of revolution and rotation as iden- 
‘] | tical, setting 6 = o,and changing to the units 
| of solar density and period in days, we obtain, 
for the physically possible positive solution, 

















Fic. 1 P’p'/? = 0.314. (3) 


Cowling’s results apply for masses of homogeneous incompressible fluid. Emden‘ has 
shown that the period of the corresponding oscillation for a polytropic gas sphere is 
shorter, being given by 
mGM 
= Re 
where m is the mode of oscillation. The period, then, depends on the type of spherical 
harmonic. If m is set equal to 2 and a rotation term corresponding to that found by 


Cowling is added,’ we obtain 
Pp’? = 0.20, (4) 


which is shown graphically in Figure 2. 


3 M.N., 98, 734, 1938. 

+R. Emden, Gaskugeln: Anwendungen der mechanischen Wdrmetheorie auf kosmologische und meteoro- 
logische Probleme, p. 451, 1907. 

s This is tantamount to saying that Emden’s period is 0.63 (the square root of 3) times Cowling’s. 
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This is a serious discordance; but it is premature to call it a fatal objection until a 
thorough re-examination of all possible modes of oscillation of a star, under the influence 
of a companion at different distances, has been carried out. 

s. Figure 3 is a plot of the data to be found in Table 2 for those variables having 
symmetrical light-curves. In accord with the previous findings, the component of lower 
density was chosen. As is evident from the figure, the relation is satisfied in a consider- 
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FIG. 2 


able number of cases where no asymmetry appears in the light-curves. There are several 

reasons why complete avoidance of the function is not to be expected. 

a) The orbit, in a given instance, could be so nearly circular that even the effect of resonance 
would be inappreciable. 

b) Should the maximum of the change in light due to resonance occur nearly at the time of 
either primary or secondary minimum, the effect will then be symmetrical. If the longitude 
of periastron is 180° +, reflection will be simulated; if o° +, the effect will lessen, mask, or 
even reverse reflection. SX Cassiopeiae, possibly, serves as an example of such a reversal. 
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c) If the disturbed component contributes very little to the total light of the system, the asym- 
metry introduced will be small and perhaps below the limit of detection. : 

d) Should the eclipses be shallow and the computed radii unequal, the relative radii will be 
uncertain. Consequent errors in the densities could force a spurious agreement with the 
function. Such an argument, however, must be viewed in the light of the standard devia- 
tion in density previously found from Figure 1. The average light-curve of Table 2 is per- 
haps a little less accurately observed than that of Table 1. On the other hand, its solution js 
not complicated by the requirement that asymmetry first be eliminated. 


In connection with Figure 3 it was noted that the components of those variables 
having poorly determined light-curves tend to cluster near the line, and conversely, 
Also exhibiting this tendency are the systems having shallow secondary minima and 
showing reflection. 
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It will be noted that there are a number of points lying above the function in Figure 3. 
The residuals are large in the case of four of these: TX Cassiopeiae, WZ Andromedae, 
RZ Draconis, and RZ Tauri. The first has an excellent light-curve with some uncer- 
tainty introduced through the necessity for removing the effect of variability of one of 
the comparison stars. The light-curves of the next two are fair and poor respectively. 
Both show large ellipticity of the components with the accompanying uncertainty in the 
relative elements. There is a hint that asymmetry is present in each, but it is not well- 
enough defined to have resulted in their inclusion in Table 1. The solution of the last, 
as noted by Schilt, is highly arbitrary. Only if the secondary eclipse is total (a con- 
tingency “not impossible” but certainly not required by the observations) are the rela- 
tive elements defined within narrow limits. From these considerations it may be con- 
cluded that the one really discordant case is that of TX Cassiopeiae. The discrepancy 
cannot be removed even by giving the brighter component all the mass of the system.° 


6 This procedure leads to log p; = — 2.09. 





Ine 
radi 


fron 
gray 
resp 


the 


ecli 
and 

I 
suff 
dou 
in t 

y 
Str 
R/1 
stre 
rat 
out 
to } 














ASYMMETRY OF LIGHT-CURVES 53 


In each of the four cases the densities corresponding to mean values of the masses and 
radii have been computed and are shown by squares on the diagram. 

Table 3 contains those systems for which absolute dimensions have been computed 
from the combined spectroscopic and photometric elements.’ Part of this data is shown 
graphically by Figure 4. No necessity could be seen for producing another figure cor- 
responding to Figure 3. 

6. In the absence of anything else which would produce first and second harmonics, 
the light-curves can be well represented by observing at “strategic points” between 


TABLE 3 


No. Variable log P log pr log p2 Class 

I S Ant —o.19 | —0.54* | —0.47* 2 
2 WW Aur +o.40 | —o.71* | —o0.71* |..... 
2 AR Aur +o0.62 | —o.39 —o.54* 
Renae 6 Aur +o.60 | —o.86* | —o.86* 

5 UW CMa | +0.64 | —2.16* | —1.99 2 
6 RS CVn +0.68 | —o.36 —1.92* 2 
7 : TV Cas +o.26 | —o.9! —1.20* I 
8 AH Cept | +0.25 | —1.20* | —o.91 I 
9 U CrB +o.54 | —o.78 —1.84* |. 

10 GO Cygt | —0.14 | —o0.71* | —0.27 2 
11 WW Dra +0.67 | —1.49 —2.43* 2 
12 YY Gem —0.0g °.44* 0. 39* 

13 RX Her +o0.25 | —0.55* | —o.60* 

14 u Hert | +0.31 | —1.06 —1.47* I 
15 RT Lac +o.71 | —1.79 —2.07* 

16 AR Lac +o.30 | —0.38 —1.22* 

17 W ZOph +0.62 | —o.15* | —o.15* 

18 AG Per +o.31 | —1.00* | —o.60 

19 V Pup +o0.16 | —1.03 —1.13* Be 
20 f U Sge +o0.53 | —1.13 —1.97* 2 
21 ba acte M, SCO +0.16 | —1.05 at Oy 3 ld ee 
22 W UMatf! —o0.48 °.19* 0.44 3 
23 TX UMa | +0.49 | —o.30 ee? Piel See 
24.. Z Vul +o.39 | —1.29 —1.52* I 


* Component selected 


t The other component was selected in Table 
t Both components were selected in Table 1 


eclipses. Whereas asymmetry can be detected from this type of coverage, the magnitude 
and nature of the effect for a given system is obtained only from full coverage. 

It is to be hoped that the tables and figures will serve as guides to observers, with 
sufficiently precise photometers at their command, who wish to decrease the number of 
doubtful systems. For obvious reasons the photoelectric photometer is not so limited 
in this problem as, say, in studies of intermediate degrees of limb darkening. 

7. Recently an extensive study of the eclipsing variable 8 Lyrae has been made by 
Struve, Kuiper, and others.’ Kuiper has shown that contact will exist? whenever 
R/r > 0.374. When the masses of these ‘‘contact binaries” are unequal, matter will 
stream from A to B, and the current will be the more intense, the greater is the mass 
ratio M,/Mp. When the currents attain large velocities, ejection of matter from the 
outer point of B will take place. The effect of this stream (pertinent to this study) is 
to introduce asymmetries into the light-curve. 


7 Henry Norris Russell and Charlotte E. Moore, The Masses of the Stars, p. 85, Table 27, 1940. 
8 Ap. J., 93, 92 ff., 1941 (in particular, pp. 104 ff. and 133 ff.). 


9 Kuiper’s notation. 
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It is of interest to note that if equation (2) holds and the masses are equal, Kuiper’s 
result is duplicated. In the general case 


where M, and r, refer to the mass and relative radius of the disturbed component. If 
M,/M, = 1, then r, = r, = 0.37. Inspection of equation (5) reveals that, over a large 
range of mass ratios, 7, does not vary greatly. Further, this radius is always large for 
the usual run of mass ratios," becoming asymptotic to r, = 0.461. It is clear, then, 
that asymmetry is closely associated with the large size of one of the components. 

Equation (5) says nothing about the radius of the other component. But Kuiper 
treated B (and correctly so, to a first approximation) as a point mass. Consequently, its 
radius is almost irrelevant. 

One obstacle to the generalization of Kuiper’s results to include the systems of Table 1 
is the several cases where systems whose components are nearly equal in mass show 
large asymmetries." Also the number of points lying near the line in Figure 2 seems to 
stand in the way of this explanation. 

It may be seen, however, that in systems composed of a large faint component and 
a small, dense, bright one, the entire burden of producing the asymmetry through 
resonance falls upon the component of low luminosity. Identification of asymmetrical 
light-curves with contact binaries would remove the necessity for showing how relatively 
large anomalies in the curves can result from the resonance tides of a component con- 
tributing little to the total luminosity of the system. More believable also would be the 
empirical limit shown by Figure 2. 

8. Conclusions.—The evidence presented shows that asymmetry occurs in those sys- 
tems the relative radius of one component of which has attained an upper limit depend- 
ing only upon the mass ratio of the components. This is likewise a limiting value for the 
radii of the components of all eclipsing systems. 

While we do not have as yet a detailed mechanism for the explanation of this phenome- 
non, it is probable that it comes about through resonance, contact, or both operating 
together in some manner not clear at present. A contact binary represents a state of 
near instability; hence, small changes in the radius of one component become of great 
importance when the dynamical picture is to be considered. 

It is suggested that a combined attack from the standpoint of thorough spectroscopic 
studies of some of the brighter asymmetrical systems, as well as from that of examining 
further the possible modes of oscillation of a star under the influence of a companion, 
should lead to profitable—and perhaps conclusive—results. 


It is with sincere pleasure that I express my gratitude to Professor Henry Norris 
Russell, who expressed an interest in this problem from the outset, discussed the prelimi- 
nary study in detail—pointing out the applicability of Cowling’s and Emden’s formulae 
—and who has read the manuscript, contributing to it invaluable discussion and criti- 
cism. 


FLOWER OBSERVATORY 
UNIVERSITY OF PENNSYLVANIA 
March 1941 
10 The limits for the components selected in Table 1 are 0.28 < 7, < 0.43, the average being 0.318 
For all components of Gaposchkin’s Tables 3 and 4 (assuming resonance is possible for the component 
of lesser density), 0.25 <r: < 0.43. 


‘t AD Andromedae, W Ursae Majoris, and others. It would constitute a sounder procedure were this 
objection to be examined from the standpoint of Table 3. In not one of the eleven cases is the mass 
ratio unity; for only one system (RS CVn) does it exceed 0.90. 
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THE GALACTIC CLUSTERS MESSIER 46, MESSIER 50, AND NGC 2324 
JAMES CUFFEY 


ABSTRACT 


The uncertainties introduced by interstellar absorption into determinations of the distances of 
galactic clusters emphasize the need for thorough investigation of the clusters in regions where obscura- 
tion is absent or is small. For this reason a number of the clusters in the rich and relatively uniform Milky 
Way field near Monoceros and Canis Major are being observed. The results for three of the clusters— 
Messier 46, Messier 50, and NGC 2324—confirm the smallness of the selective and probably also of 
the general absorption in this direction to a distance of approximately 3300 parsecs. The color excesses 
(AA 4300-6200) and distances, corrected for the small general absorption by means of the 1/A law of 
scattering, are: Messier 46, 0.00 mag. and 1450 parsecs; Messier 50, 0.30 mag. and 1210 parsecs; and 
NGC 2324, 0.30 mag. and 3320 parsecs. Space densities, frequencies of color indices, and other data are 
given in the text. 

The color-magnitude relations show, in Messier 50, that the main sequence is well defined and normal 
in slope and that the giant branch is abrupt and extends from absolute magnitude +1 to —2. In Messier 
46 the slope of the main sequence appears to be significantly less steep than in other clusters. The 
presence of very blue Ao stars and also of the planetary nebula, NGC 2438, which is located within the ap- 
parent boundaries of the cluster, combine to make Messier 46 an unusual object. The distances ob- 
tained for the planetary nebula by various workers have, because of their wide dispersion, left the ques- 
tion of its physical membership in the cluster unsettled; the radial velocity of Messier 46—+41.4 km/sec 
(obtained by Struve)—differs widely from that of the planetary (+77 km/sec) and shows definitely that 
the planetary is not a member of the cluster. NGC 2324, the distant cluster, is a remarkable object, for it 
contains negative color indices in spite of its low latitude and great distance; the colors show a normal 
main sequence and an indication of a giant branch. 

The absence of appreciable absorption to large distances, particularly in the case of NGC 2324, which 
is located only 35° from the anticenter direction, coupled with the absence of extragalactic nebulae from 
these fields, suggests that considerable absorption must occur at distances greater than 3300 parsecs. 
Either an increased density of absorbing material at the boundaries of the galaxy or a spiral arm con- 
taining obscuring clouds and extending to a distance much greater than the ‘‘average’’ radius of the 
system is suggested as a possible explanation. 


INTRODUCTORY REMARKS 


The irregular structure of the obscuration in the Milky Way has made increasingly 
evident the importance of the clear regions, for from the unobscured Milky Way fields 
must come the most definite and far-reaching of our knowledge concerning the distribu- 
tion of objects in our stellar system. Recent investigations by Shapley, Bok, and others 
have already shown the value of research in the unobscured fields. The uncertainties 
and limitations usually introduced by absorption are thereby largely avoided. The galac- 
tic clusters, also, are most profitably observed in the clear regions, and it seems likely 
that in some cases they may furnish powerful tools for investigating unobscured fields 
to distances as great as 4000 parsecs. The absence of appreciable absorption may be 
inferred from the low color excesses of some of the clusters; and, because of the finely 
divided nature of the interstellar material responsible for most of the obscuration, the 
color excesses are an indication at least, if not an actual measure, of the general absorption. 

The problem of determining the color excesses and distances of the galactic clusters 
from the observed relations between the color indices and the apparent magnitudes of 
cluster stars is, in the light of present knowledge of the nature of interstellar absorption, 
self-determinate, and the assumption of a uniform absorbing layer is no longer necessary. 
Formally the three essential unknowns may be obtained from the equations 


m +A=f(C+E), (1) 
M = f{(C), (2) 
A=KE, (3) 
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where, of course, 
m —M =s5(logr—1)=f(C+E)—-f(C)—-A. 


The unknowns are r, the distance of the cluster; A, the absorption; and &, the color 
excess. Equation (1) represents the relation between color and apparent magnitude; 
m, is the “‘unobscured” apparent magnitude of a given cluster star. Equation (2) jg 
the relation between color and absolute magnitude for stars in the solar neighborhood or 
in some standard unobscured cluster of similar type whose distance is known from other 
data, spectral types, for example. Equation (3), which completes the problem, is fur- 
nished by the law of scattering; K is a constant, depending upon the wave lengths in 
which the photometric measurements were made. If the scattering varies as 1/X\ and 
the colors are based upon magnitude differences between \ 4300 and A 6200, then 
A = 2E for red light ( 6200). Such a relation, although satisfactory when the absorp- 
tion is small, may become unreliable if the absorption is large, for then deviations from 
the assumed 1/A law and irregularities in the value of K from one obscuration to another 
might become important. 

That the form of the M-C relation is precisely the same for all clusters may, of 
course, be questioned. The color-magnitude diagrams do, indeed, show striking differ- 
ences, especially for the brightest stars in the clusters. The main sequences in most of 
the clusters, however, appear to be very similar in form, and therefore it seems reason- 
able to conclude that the M-C relation may be assumed constant for main-sequence 
stars, but not for the giants. 

The spectrum-magnitude diagrams, which are essentially similar to the color-magni- 
tude relations, have been shown by Trumpler' to differ, although again mostly in the 
forms of the giant branches. The main-sequence stars in the spectral data seem to be 
characterized by a well-defined and, in most cases, constant relation between spectral 
type and absolute magnitude. Thus the conclusion that distances derived from the giant 
branches in the color-magnitude diagrams are entitled to low weight is confirmed by 
the spectral-type data. One additional conclusion to be drawn from the spectral ma- 
terial is that the brightest main-sequence stars in the majority of the galactic clusters 
are B and A stars. In only one cluster in the hundred classified by Trumpler are they 
of later type, and here they are F stars. The rarity of the f type of cluster is a fortunate 
circumstance, for, if spectral types were not available, such clusters might possibly give 
erroneously high color excesses on the basis of color-index data alone. 

B. Strémgren’s work? shows that the form of the Russell-Hertzsprung diagram may, 
as suggested by Kuiper,} depend upon the hydrogen content of the cluster as a whole. 
Trumpler’s and Rieke’s data, examined by Kuiper,’ indicated that for the main se- 
quences observed in several clusters the form was closely the same and that the large 
differences occurred mainly in the giant branches. Our present empirical knowledge, 
therefore, appears to show reasonable constancy in the M-C relation for the main 
sequences in the galactic clusters. In the future, when abundant observational material 
becomes available, it may be possible to allow for the effects of variability in the M-C 
relations by adopting several, each one appropriate to clusters of one given type. 


DESCRIPTION OF REGION 


Messier 46 (NGC 2437), Messier 50 (NGC 2323), and NGC 2324 are situated in the 
rich and relatively uniform Monoceros—Canis Major region of the Milky Way. Close 
inspection of small-scale photographs‘ reveals, however, that obscuration is not entirely 


t Lick Obs. Bull., 14, 154, 1930. 3 Ap. J., 86, 186, 1937. 
2Zs.f. Ap., 7, 222, 1933. 4 See Ross-Calvert Milky Way Allas, Pls. 36 and 37. 
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absent from the field. Messier 50 appears to be at the edge of a small obscuring cloud, 
and Messier 46 is near to, but probably not obscured by, a very thin absorbing lane ex- 
tending from a small and poorly defined cloud to the southwest. NGC 2324, alone, 
seems to be in a field quite free from obscuration. 

The co-ordinates and other data previously published are shown in Table 1. The 
uncertainties in the distances tabulated, which were derived from the brightest stars 
and from angular diameters, are shown by the present survey of red color indices for 
111g Stars in these clusters. 





TABLE 1 
DISTANCES 
5 aie ‘i p 
1900 8 DIAM Type SPECTRA Trumpler 
Shapleyt 
Sp. Diam. 
. 753772 —14°6 IIar 
Messier 46 73] 4 27° 11Bo-A1* 710 610 1150-1820 
+ 200 “ §.3 : 1a ‘ 7 
: 65s8m2 — 8°2 , I2m : , : 
Messier 50 189° ieee 16 a aie 7B8—Aoft 780 860 500:—800: 
< -> « 
ae 65sg™o + 1°22 ? I2m 
NGC 2324 at +28 8 1720 4370 —6920 
8i1f ; 
* Lick Obs. Bull., 14, 154, 1930 t HD stars t Star Clusters, Appen. B, 1930. 


PHOTOMETRIC DETAILS 

Magnitudes and red color indices were derived from polar comparison exposures 
made at the prime focus of the 36-inch, F/5 aluminized reflector of the Goethe Link 
Observatory. Red magnitudes were measured on Eastman Spectroscopic plates, type 
103-E, taken through a Ciné Red filter (Eastman No. 28), and photographic magnitudes 
on Cramer Hi-Speed Special plates. Effective wave lengths of the magnitude systems 
are approximately 6200 and 4300 A. The red magnitudes used are those given by 
C. Payne-Gaposchkin and S. Gaposchkin ;5 for the fainter polar-sequence stars not appear- 
ing in this publication the red magnitudes were derived from the photovisual color in- 
dices® by means of a plot of the available red indices against yellow color indices for the 
polar-sequence stars. The magnitudes adopted and used in the present photometric 
work are given in Table 2. 

Astigmatism, which has recently been entirely eliminated, was present in the primary 
mirror when the exposures were made. Nearly circular images of good quality, however, 
were obtained by using a 9-mm. eyepiece in focusing, in order to obtain the smallest 
possible circle of confusion. Both polar and cluster plates, therefore, have almost equally 
good images. 

The cluster stars were measured with image scales calibrated on the sequences ob- 
tained from the polar comparisons. A summary of the plate material and of the prob- 
able errors is given in Table 3. 


DISCUSSION OF POSSIBLE SYSTEMATIC ERRORS 


The photographs of the clusters were taken in series with those of the pole, and, as a 
result, many of them may be considered either as polar comparisons or as exposures 


5 Harvard Ann., 89, No. 5, 1935. 6 Seares, Trans. I.A.U., 1, 71, 1922. 
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comparing one cluster with another. The reductions as polar comparisons were con- 
sidered fundamental, and, since they are based upon the greatest number of plates, 
they were used for obtaining the catalogued magnitudes. In order to test the sequences 
for systematic errors, remeasurement of the sequence magnitudes in Messier 46 and 
NGC 2324 with respect to those in Messier 50 was carried out. In this way we may 
expect to obtain an estimate of an upper limit to the systematic errors present in the 
magnitude systems and see what their effects upon the color-magnitude diagrams might 
in extreme cases be. Both image-scale measurements and also measurements made with 
the new Ross photoelectric photometer’ of the Kirkwood Observatory were used. The 


TABLE 2 


POLAR SEQUENCE STARS 


No. Ipg Cr Boe No. Ipe Cy Rus 

fe) e 0.31 8.80 33 17.006 r.62 15.44* 
II 0.97 OG. 31 9.40 34 17.24 kAa 1s .8r* 
12 10.05 0.48 9.60 35 F703 1.00 16 CY 
13 10.52 0.33 10.19 30 Cy. 75 1.50 16.28* 
14 10.92 0.67 10.25 29 18.01 eee ie) 16.24* 
15 EX .27 0.64 10.63 38 18.20 1.70 16.50% 
160. 11.58 0.55 11.03 ae 18.58 2.00 16.58* 
17 11.55 0.97 10.QI 

18 12.28 0.75 ce .53 7° 10.96 1.67 9.20 
19 12.68 0.72 Il .95 or 11.44 I. 30 10.14 
20 12.98 0.78 12.20 or rz. 0¢ 1.44 10.51 
21 13.34 0.99 12.35 1or. 12.61 0.72 11.89 
22 13.40 °.99 12.47 IIT E32. 22 1.50 II.42 
23 13.59 I.02 E257 12r 3.9 1.79 11.99 
24 13.92 °.9g0 12.90 

25 14.10 0.33 £3.27 Os II. 30 0.96 10.40 
26 14.61 E37 3.24" 8s 14.49 1.10 £3.30" 
27 14.89 I.00 13.89* os 14.73 1.50 13.24" 
28 1S .a r26 14.16" 10S 15.28 Ets t4.33" 
29 15.87 I.02 14.85* IIS 15.30 1.42 13.88* 
265. 16.19 ee | 15.05” 12s rs 36 1.05 14.30* 
Sr. 16.40 1.16 Bs. 24° 13S 15.51 1.45 14.06* 
a ; 16.75 hy rS.03" 14S 16.02 1.45 ta. 59" 

* Derived from the red indices, which were obtained from the photovisual data 


magnitudes in Messier 50, merely as a working basis, were assumed to be correct, and 
the resulting systematic differences between the magnitudes in Messier 50 and those in 
Messier 46 and NGC 2324 are shown in Figure 1. Although the plate material suitable 
for intercomparing the clusters is little more than half as extensive as that used for the 
polar comparisons, the following remarks concerning the quality of the magnitudes may 
be appropriate. 

1. Red magnitudes.—The red sequences in all three clusters are in good agreement 
from m, = 11.5 to m, = 15.0. Brighter than magnitude 11.5, there may be large sys- 
tematic differences, and the colors may be uncertain. Most of the cluster stars, how- 
ever, are fainter than magnitude 11.5, so that uncertainties in the magnitudes of the 
brightest sequence stars do not seriously affect the conclusions. 

2a. Photographic magnitudes.—The photographic sequences in Messier 50 and 
NGC 2324 are in good agreement from m,, = 13.0 to mp, = 17.5. Brighter than the 
twelfth magnitude, the systematic difference may be greater than 0.2 mag.; but again 


7 Acquired with the assistance of grants from the American Academy of Arts and Sciences, and from 
the Society of Sigma XI. 
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this is not serious, for almost all the cluster stars in NGC 2324 and the majority of those 
in Messier 50 are fainter than mp, = 12.0. 

2b. Photographic magnitudes—Agreement between the photographic sequences in 
Messier 46 and Messier 50 appears to be good between 11.5 mag. and 12.5 mag. Con- 


TABLE 3 


OBSERVATIONAL MATERIAL 


MEAN ALTITUDE OF MEAN NUMERICAL Ex- 


No. OF SERIES EXPOSURES OF CLUSTER : . 
CLUSTER ExposuRES TINCTION CORRECTIONS 


Red Blue 
Red Blue | Red Blue 
No Exp No. Exp. | 
4 30 min. 2 30 min. 
Messier 46 2 15 2 15 34° C 28°8 003 o"13 
I 7 2 8 
4 30 3 30 
Messier 50 oe 15 3 15 38.4 30.4 oI .O2 
I Pe) 
3 30 2 30 ’ 
NGC 2324 2 15 43 43 0.01 0.08 
I & 
PROBABLE ERRORS 
SEQUENCE MAGNITUDES * INTERNAL AcCURACYT 
Red Blue Red Blue 
Interval p.e Interval p.e Interval p.e. Interval p.e. 


g™o-10"5 to™ogd g™a-13""0 Fo™ro4. | 10™13™| totes | 107-147; To 7oGg 


Messier 46 
10.5-15.0 054 | 13.0-17.5 062 | 13 -I5 030 | 14 -17 038 
Oo. 5-12.5 065 Q.O-11.5 100 } 10 -13 035 | 10 -I4 055 
Messier 50 12.5-15.0 053 | I1.5-14.0 119 | 13 -I5 030 | 14 -18 042 
14.0-17.5 055 
NGC Q.5-13.2 088 | 10.0-17.5 +o.083 | 11 —13 049 | II -I5 055 
324 13.2-15.3 +0.034 13 -16 +0.030 | 15 -17 | +0.038 


* Includes plate error, measuring error, and sky error, of which the sky error is the largest, and is caused by irregularities in 
seeing and also, although probably to less extent, by irregularities in transparency. The systematic differences between individual 
polar comparisons, caused by sky error, are responsible for the larger probable errors in the case of the sequence magnitudes. 

i I ’ » ‘ I } 


t Includes plate and measuring errors only 


siderable scale difference may exist and may reach 0.30 mag. at the fourteenth magni- 
tude. In view of the agreement between the magnitudes in Messier 50 and NGC 2324, 
it is possible that the photographic magnitudes in Messier 46 may be affected with 
scale error. The sensitivity of the long-focus reflector to differences in seeing between 
region and pole makes precise photometry difficult; and further investigation of the 
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photographic magnitudes in Messier 46 with a refractor, or with a large Schmidt camera, 
might prove profitable. Photometric errors of the type shown by Figure 1, however, 
do not appear to modify seriously the conclusions drawn in the present paper. It hap- 
pens that even if, as one extreme, the entire differences suggested by Figure 1 are as- 
sumed to be systematic errors in the magnitudes in any one cluster alone, the correc- 
tions to the color-magnitude diagrams which result have small effect upon the color 
excesses and the shapes of the color-magnitude relations for stars brighter than 
m, = 14.0. The corrections tend to shift the diagrams in a vertical direction and to 
introduce uncertainties into the distances only. 


RESULTS AND CONCLUSIONS 
Color-magnitude relations for the central and for the outer zones of the clusters are 
shown in Figures 2, a and 8, 3, a and 8, and 4, a and 8. The large dots represent stars 
closer to the centers of the clusters than those indicated 
by small dots; they are, therefore, more probably cluster 
members. For Messier 50 and NGC 2324 the data are 
fairly complete, while for Messier 46 it is probable that 
the photometric field of the reflector has been too small 
to include the outer parts of the cluster. Well-defined 
main sequences are shown by all three clusters, especial- 
ly by the central regions, in which most of the stars are 
cluster members (see Figs. 2, a, 3, a, and 4, a). The 
outer zones show similar main sequences with, however, 
greater scattering due to the greater proportion of 
field stars to cluster stars. Because of the limited field of 
the reflector plates it was impossible to obtain quantita- 
tive statistical data on the numbers of field stars in- 
volved in the cases of Messier 46 and Messier 50. Ex- 
amination of the outer zones of these clusters, however, 
indicates that in Figures 2, a,and 3,4, more than 70 per 
cent of the stars brighter than m, = 13.0 are members 
Fic. 1.—Systematic differences of the clusters, and more than 50 per cent of the fainter 
between magnitude systemsin M50 stars) Qn the plates of NGC 2324 it was possible to 
and those in M 46 and NGC 2324. : ; seed ete Sane: : 
Shits minaiigeiccabeeninthin “ret colors in two fields removed from the cluster by 
paper, as derived from polar com- 1° and having a combined area of sky equal to that 
parisons only (abbreviated cata- included by Ring 3 of the cluster. The data on these 
logue); ordinates, values obtained exterior — show that 80 per cent of the stars in 
from comparison with M 50 (abbr. Figure 4 1, belong to the cluster. 
cat.) minus catalogued values. F ste of color indices are shown in Figure 5. 
The greater concentration of the white stars to the 
centers of the clusters is evident, although the numbers involved are not sufficiently 
large to give a good determination of the space densities for separate color groups. 
The space densities (Fig. 6, 6) were derived from a Plummer analysis of the star 
counts used in obtaining Figure 6, a. Because of the irregular nature of the back- 
ground, the results are of low accuracy, and the densities at the very centers of the 
clusters are uncertain. 


Comp.- Cat. S 
oOo p 





MESSIER 46 


The extraordinarily blue Ao stars* in Messier 46, which suggest —o.20 mag. as the 
color excess (Fig. 7), show both the absence of absorption and the unusual blueness of 
the cluster’s beiebtes stars. The slope of the main sequence appears to be significantly 


8 Spectra from unpublished work by Dr. Trumpler. 
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| 
less steep than in the cases of Messier 50, NGC 2324, and of most clusters observed 
| thus far. The possible effects of scale errors in the magnitude systems, the first cause 
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Fic. 2.—Color-magnitude diagrams of M 46. a, rings 1, 2, 3; 6, rings 4, 5 
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Fic. 3.—Color-magnitude diagrams of M 50. a, rings 1, 2, 3; 0, rings 4, 5 


to be suspected for the abnormal slope, were examined and found an inadequate ex- 
planation.® 


* Errors of the type suggested by Fig. 1 tend to shift the relation as a whole, without appreciably 
changing the color excess or the shape of the color-magnitude diagram for stars brighter than m, = 14. 
If we assume, e.g., that the systematic differences between the magnitudes in Messier 46 and Messier 
50 might, as one extreme, be due entirely to systematic errors in the magnitudes in Messier 46, we may 
apply the corrections indicated by Fig. 1 to the color-magnitude relation, and the distance of Messier 46 
becomes 1850 parsecs. If we assume, as perhaps a better approximation, that the mean of the sequences 
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In form the color-magnitude relation in Messier 46 resembles the relations obtained 
by Strémgren* for the Russell-Hertzsprung diagrams for groups of stars all having 
low hydrogen content. Strémgren’s material predicts for such groups, however, that 
no stars earlier than As or Fo should be present, while in Messier 46 the colors indicate 
the presence of B stars. 
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Fic. 4.—Color-magnitude diagrams of NGC 2324. a, rings 1, 2, 3; 0, rings 4, $ 
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Fic. 5.—Frequencies of color index, M 46, M 50, and NGC 2324 


The group of five subgiants near m, = 11.7 and C, = 1.2 have absolute magnitudes 
+1, approximately. Since they are distributed almost at random in the central region 
of the cluster, with normal main-sequence stars near them, their low luminosities com- 
pared with the luminosities of the stars which apparently form the cluster’s giant branch 


in Messier 46 and Messier 50 is correct, we find, upon applying half the indicated correction to the color- 
magnitude diagrams in both clusters, that they are so shifted that the distances become: Messier 46, 
1600 pc., and Messier 50, 1000 pc.; as before, the color excesses are unaffected. Because of the uncertain- 
ties involved in evaluating the systematic errors from the limited material available for intercomparing 
the clusters, however, it seems best to adopt as correct the distances given in the text, which are based 
upon the best material, the polar comparisons, alone. 


10 Zs. f. Ap., 7, 222, 1933. 
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are probably not due to obscuring material in the cluster but rather to intrinsic peculiari- 
ties. 
The modulus and distance for Messier 46, if we use the M-C relations previously 
derived in Messier 38 and NGC 2281 as standards, are 10.8 mag. and 1450 parsecs. 
The planetary nebula, NGC 2438, which is situated only 7’ from the center of 
Messier 46 has a radial velocity of +77 km/sec, or +60 km/sec if corrected for solar 





Messier 50 






































F1G. 6.—a, abscissae, distances from center of cluster; ordinates, areal densities, expressed in stars per 
1.18 sq. min. for M 46 and M soand instars per 0.49 sq. min. for NGC 2324. Limiting mpg: M 46, 18.0; 
M 50, 18.4; NGC 2324, 18.3. 

b, space densities (stars per cubic parsec) as a function of distance from center of cluster. Limiting 
Mpg: M 46, +7.2; M 50, +7.2; NGC 2324, +5.1. 
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Fic. 7.—Relation between color and spectral type for M 46. (From unpublished data by Dr. R. J. 
Trumpler.) 


motion;" distances given for it by various workers are: 830 parsecs (Camm), 1660 par- 
secs (Vorontsov-Velyaminov), and 3920 parsecs (Berman). The mean, 2100+ goo par- 
secs, may have little significance since the individual values were not entirely inde- 
pendent. Thus the existing data on distances leave unsettled the question of the rela- 
tionship between the planetary nebula and the cluster. In order to solve the problem, 
Dr. Struve has very kindly obtained radial velocities for several stars in Messier 46 
with the McDonald 82-inch reflector. Judged from their positions in the color-magni- 
tude diagram, these stars should all be members of the cluster. The velocities, which 
depend, in general, upon Hé6, Hy, H8, Mg 11 4481, and Ca II 3933, are shown in Table 4. 


1* Campbell and Moore, Pub. Lick Obs., 13, 169, 1918. 
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Concerning the observational material from which the radial velocities were obtained, 
Dr. Struve writes that the spectral lines are very poor in quality, since all are main- 
sequence stars and some show appreciable rotational broadening. The interstellar Ca 1 
lines may have blended with the stellar lines; but, inasmuch as the measures show no 
conspicuous difference between the Ca 1 velocities and those determined from the other 
lines, they were included in forming the mean velocity for each star. The difference 
between the mean stellar velocity, + 41.4 km/sec, and the mean Ca I velocity, + 30.2, 
is probably real and is due to the galactic-rotation effect, which would give a ratio 


of 2 between stellar and interstellar velocities. At the distance of the cluster (A = 200°, 
8 = -+5°3) the galactic-rotation component in the line of sight is about +25 km/sec 


and the solar-motion component is +17. Hence the observed motion of the cluster is 
accounted for by these two causes. It is evident that the velocity of the planetary 
nebula, +77 km/sec, makes its physical membership in the cluster very unlikely.” 


TABLE 4 


; | Mean Cau : 
Cat. No. | Spectrum 


Velocity Velocity 

km/sec km/sec 
Bei SSeeesesh Eee +47 Ao 
eee ee : 35.8 3 Ao 
"Re eae tee 49.6 49 Ao 
Bee ia cleus 39.1 15 Bg 
re re +38 .3 +37 Ao 

Means A +41.4 +30.2 


MESSIER 50 


In Messier 50 the main sequence is normal in slope, and an abrupt, almost vertical 


giant branch extends from absolute magnitude +1 to —2. The slight inclination of the 
giant branch with respect to the color-index axis may not be real, inasmuch as the 
colors for stars brighter than m, = 10.5 are uncertain. The modulus, color excess, and 
true distance, based mostly upon the main sequence, are 11.0 mag., 0.30 mag., and 
1210 parsecs. The color excess is probably due to the small, localized obscuration seen 
near the cluster's rather than to an extended cloud covering an appreciable area of the 
surrounding sky. 
NGC 2324 

A normal main sequence and an indication of a giant branch which arises mainly 
from the central region of the cluster are shown by Figure 4, a. The color excess appears 
to be only 0.30 mag., although the true distance is 3320 parsecs. 


2 Although it is possible to conclude from the difference between the radial velocities that at an 
epoch 1.7 X 107 years ago, the distances of the planetary and the cluster from the sun were comparable, 
it is not possible to determine satisfactorily their actual relative positions in space at that time. Thus, if 
the proper motion (Anderson, Lick Obs. Bull., 17, 30, 1934) of the planetary is, as seems likely, referred 
to cluster stars, then, 1.7 X 107 years ago, the two objects were separated in the sky by 30° or more. 
The proper motion, however, is little more than twice its probable error, and the separation is therefore 
extremely uncertain. An argument which may show definitely that the planetary, as such, can never have 
been a member of the cluster may be derived from the ‘“‘quasi-ages’’ of the planetary nebulae, obtained 
by Whipple (Harvard Bull., No. 908, 1938), of which the oldest is only 105 years. Thus, in the extrapola- 
tion backward in time, it seems probable that the planetary phenomenon will have disappeared long be- 
fore the planetary nebula has traveled more than a mere ro parsecs of the few hundred that may now 
lie between it and the cluster. These conclusions, however, are extremely uncertain, and a better de- 
termination of the distance of the planetary might show them to be decidedly in error. 


13 See Ross-Calvert Milky Way Allas, PI. 37. 
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The surprising result that so distant a cluster should show so small a color excess is 
perhaps somewhat more plausible when we realize that it is only 35° from the anticenter 
direction in our galactic system. It is also surprising, however, that, in spite of the 
low absorption indicated by NGC 2324 to a distance within 2 kiloparsecs of the usually 
accepted boundaries of our galaxy, almost no extragalactic nebulae have been observed 
in this field. Near NGC 2324, Hubble" finds only two nebulae, and near Messier 46 and 
Messier 50, none. The total photographic absorption between the sun and outer space, 
therefore, is probably at least greater than 2.5 mag., of which less than 1 mag. takes 
place closer than 3300 parsecs. The additional absorption, amounting to a magnitude 
and a half or more, must arise from the last 2 kiloparsecs near the edge of the system. 
An obscuring cloud directly beyond NGC 2324 would explain the observations, but 
other and less artificial explanations immediately suggest themselves. One possibility 
is that we have here evidence for a zone of absorbing material encircling the outer 
boundaries of our system, similar to those observed in NGC 4565, NGC 4594, and other 
extragalactic systems.'’ Another, and possibly preferable, interpretation is that our 
system, with both stars and obscuring clouds, extends along a spiral arm in this direction 
to a distance considerably greater than its average radius. 

The above conclusions, however, are tentative and are subject to large uncertainties. 
The ratio between color excess and general absorption cannot be regarded as accurately 
known, and the difficulties involved in estimating the absorption from the nebulae are 
by no means negligible. It is hoped, however, that additional observational materia] will 
provide more reliable information and that the remaining galactic clusters near Canis 
Major, which are now being observed with the reflector, will provide data for a better 
understanding of this interesting region. 


It is a pleasure to thank Dr. Goethe Link for the use of the 36-inch reflector of his 
observatory and Indiana University for the post-doctoral fellowship by means of which 
the above research was carried out. The kindness of Dr. Otto Struve and of Dr. R. J. 
Trumpler in supplying observational material not otherwise accessible to the author is 
gratefully acknowledged. 

KIRKWOOD AND GOETHE LINK OBSERVATORIES 
March 8, 1941 


4 Ap. J., 79, 41, 1934. ts See H. D. Curtis, Pub. Lick Obs., 13, 45, 1918. 
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CATALOGUE OF STARS IN MESSIER 46, MESSIER 50, AND NGC 2324* 





MESSIER 46 


COMODO OHOHODODDDOH OHO OHNW 


COOK OHOOHNMDDD000HODOHOO 


r | | | . r 
No | R | pe | ™r | C, No. | R |} Mog | my, | C, No. | R Mg m 
I 6 | 9 40: | 9 40: | ©.008B7 69 | 2] 12.31 {12.48 }—o.17d i| 342 3 | 11.69 |12.02 
ta | 5 | 15.99 |14.70 | 1.298 70 | 2 | 14.36 |12.52] 1.84 143 | 3 | 15.22 |14.32 
2 4 9.20:| 9.10:| 0o.1osAo 71 | 2 | 11.62 /12.01 |—0.39 1434 | 3 | 16.30 |14.67 
3 3 | 10.16 |10 18 |—o.02sAo 72 | 2 | 15.04 ]14.064 | 1.30 143b |} 3 16.24 |14.37 
4 | 5 | 10.35 |10.53 |—o. 18sAr 73. | 2| 16.29 |14.93 1.36 143¢ | 3 | 16.54 |15.00 
5 4 | 11.04 /I1.32 |—o. 28s 74 | 2 | 13.01 |13.04 |—0.03 143d | 3 | 16.29 |14.96 
6 3 | 12.49 |12 63 l—o 148 75 | 2] 14.22 |11.63 |—o.41 143e | 3 16.55 |14.67 
6a | 3 | 16.76 /15.15:] 1.61:5 76 | 2] 16.05 {14.63 | 1.42 144 3 | 14.79 |13.16 
7 | 2] 11.69 {12.03 |—0.348 7 2 | 14.02 |13.42 | 0.60 145 3 | 14.23 |11.30 |— 
8 | 2] 12.50 |12.68 |—o.18s 78 2 | 10.46 {10.64 |—o.18A0 146 3 | 15.94 |14.59 
9 | 2] 13.08 |13.15 |—0.07s 78a | 2 | 16.58 |14.30 | 2.28 147 3 | 16.07 |14.72 
ga | 2 | 16.97 |/15.04:| 1.93: 79 | 2 | 10.76 {10.92 |—o.16Ar 148 3 15.60 |14 41 
10 3 12.42 |12.67 |—0.25s 80 | 2 13.66 |13.47 °.19 149 3 15 86 |14.58 
Ir | 3 | 15.61 [14.46] 1.158 81 2 15.69 |14.45 .2 150 3 10 56 |10 12 
12 | 3 | 14.90 |14.03 °.87s 82 2 | 15.80 |14.60 1.20 Ist 3) 23.§2 153.37 
13 | 3 | 14.54 |13.07 | 0.578 83 | 2] 15.42 [14.38 | 1.04 152 | 3 | 14.99 |14.20 
14 | 6] 10.67 be 07 |-° 40S 84 2 | 15.89 |14.62 1.27 153 3 | 16.09 |13.01 
15 | 5 | 11.01 {11.66 |—o. 65s 5 | 2] 16.36 |r5.03 r.33 154 3 | 15.17 |14.08 
16 | a 12.43 |12 70 |—o 78 86 | 2 | 15.69 |14.70 ©.99 155 3 | 16.07 |14.64 
17 | 4 | 14.86 [14.01 0.858 7 2 | 13.85 |13.48 0.37 156 3 | 15.33 114.36 
18 | 4} 16.22 |14.98 | 1.248 } 88 | 2] 14.71 |13.80 °.QgI 157 3 | 1§.96 |14.69 
19 4 | 13.36 {12.64 | 0.728 89 2 | 15.65 |14.50 ¥ 28 157a | 3 16.49 |14.95 
20 || 14 87 |14 21 | 0©.66s go 2 | £§.08 [34.33 ©.92 Is 3 | 15.63 |14.48 
21 4 | 12.14 {12.35 |—0. 21s 9g! 2 1§.13 |14.28 0.85 159 3 15.00 I4 01 
22 | 4 | 16.20 i114 7 1.428 Q2 2 15.55 |14.50 1.08 160 3 160.01 |1§ 03 
23 | 4 | 12.65 |11.28 | r. 275 93 2 | 10.56 {10.85 |—o.29Bo 161 3 | 16.29 |14.72 
24 | 4 | 15.09 |13 27 | 1.828 04 2 | 13.48 [13.34 o.14 162 3 | If.0§ |11.25 
25 4 II.04 |10.91 | 0.138 95 2 | 85.109 |34.17 1.02 163 3 | 24.35 133.72 
25a | 3 | 17.05 |15.30:| 1.75:s 96 2 | 11.35 |11.58 |—o0.23Ar 164 3 | 10.79 |I1.14 
26 | 3 | 13 78 |13.59 | 0.198 97 2 | 23.64 123.33 0 31 165 3 | 1§.52 |13.40 
2 3 | 15.74 {14.56 | 1 18s 98 2 | 13.15 |13.19 |—0.04 166 3 | 15.47 |14.36 
28 3 | 12.44 |12.53 | —0.09s 99 2 15.80 [14.75 1.05 1607 3 12.51 {12.76 
28a | 3 | 17.42 | | s 100 2 | 12.62 |12.81 |—o0.19 168 3 | 10.60 |10.97 | - 
29 | 6 | 11.62 |10.42 | 1.208 Iol Si 86:22 [234.35 0.96 169 3 | 15.56 (14.4 
30 5 | 12.97 |12.92 | 0.055 102 2 | 14.72 |12.55 2.17 170 S.1 Wh.ge te. ox 
3I 5 | 15.23 I14 22 | I.OIs 103 2 15.38 |14.38 1.00 171 3 160.19 |I5.00 
32 5 | 14.590 13.58 | 1.01s 104 2} 10.55 |10.72 |—0.17Ao0 es 1r.78:/12.12 
33 5 15.68 |14.47 I.2Is 105 2 | 16.32:/14.76 1.56: a 3 13.55:/13.42 
34 5 | 16.71 |15.28 | 1.435 106 | 2 | 16.25 {14.91 1.34 173 3 | 12.53 |12.80 
35 I | 12.06 {12.30 |—o 24 107 2 15.55 |14.39 1.16 174 3 It.18 |10. 40 
36 | I | 13.75 |13.37 | 0.38 108 | 2] 15.49 |14.54 | 0.95 175 3 | 14.98 |14.4 
37 | I | 14.93 |14.01 | 0.92 109 2 16.00 |14.74 1.26 176 3 15.2 14.32 
38 | «| 16.24 114.35 1.89 IIo 2 | 12.68 |12.66 0.02 176a | 3 | 16.28 (14.84 
39 | I | 16.19 |14.75 | 1.44 IIr 2 | 15.69 |14.61 1 08 177 3 15.04 |14.40 
40 I | 12 88 |11.82 | 1.06 112 2 | 13.16 [12.86 0.30 178 3 | 15.74 |14.67 
goa | 1 | 16 62 |15.09 ¢.53 113 2 11.54 |11.82 |—o. 28 179 3 I5 09 14.10 
41 | 1 | 15.18 |14.04 r.4 II4 2 14.65 |13.85 0 80 180 3 14.31 (13.85 
42 | I 12.38 {12.57 |—0.19 115 2 15.08 |14.08 I 00 181 3 14.75 |14.02 
43 I 14.70 |13.94 0.76 116 2 IS 59 |14.26 5.33 132 3 13.35 |13.35 
44 I 12.38 |12.52 |—o0.14 117 2 | 83.4% [%3.20 0.21 183 3 15.79 |14.61 
45 | 1] 14.54 |13.80] 0.74 118 2 | 11.02 |11.47 |—0 45A: 184 3 | 12.09 12.28 
40 | 1 14.24 |13.60 | 0.64 119g 2 15 or |14.08 © 93 185 3 52.75 (12.84 
47 | 1 | 16.05 |14.5 1.47 120 2 | II.19 |11.56 |—o 37 186 3 | 14.62 14.08 
48 I 12.32 {12.46 |—o.14 121 2 16.24 |14.92 2.32 187 3 12.78 |12.75 
49 I 15.12 |13 69 | :.43 122 2 13.65 |13.37 °.28 188 3 13.32 |12.08 
5° | I] 15.92 {14.54 ] 1.38 123 2 | 14.79 {13.78 I o1 189 3 | 15.36 |14.41 
51 | I 12.30 {12.25 | 0.05 124 2 13.45 |13.09 ©. 36 190 3 12.60 13.05 
52 I | 14.06 |13.66 |} ©.40 125 2 IZ.0§ |11.42 | —0.37 Ig! 3 3I.34 |20.22 
53 | I | 12.43 |12 24} 0.19 126 2 12.46 |12.48 |—0 02 192 3 14.42 |13.75§ 
54 | 1 | 14.35 113.55 | © 50 127 2 14.50 |13.86 0.64 193 3 12.09 12.22 
55 | 1] 14.51 |13.71 | 0.80 128 2 | 15.75 |14.68 I.07 194 3 | 13.06 13.07 
56 | 1 | 14 89 [14.07 } oO 82 129 2 14.27 |13.70 0.57 195 3 10 29 10 4 
57 | 1 | 15.78 {14.48 } 1.30 130 2 II.19 |11%.74 |—-0.§5 196 3 14.75 |13.59 
5 | I | 14.44 [13.87 | 0.57 131 2 | 15.98 |14.50 1. 48c 197 3 | 11.31: 18.93 
59 | I | 10.45 |10.74 |—0.29A0 132 2 | 8.72 |12.00 |—0. 28 193 3 15 89 14.65 
60 | 1 | 16.11 [14.84] 1.27 133 3 | 16.42 |14.7 1.66 199 3 | 38.87 [38.30 
Or | 2 | £5.54 1%3.08.| 8.42 134 3. | 85.46 112.5 —o. 18 200 3 | 14.48 |13.98 
62 1 | 12.68 |12.66 | 0.02 i] (235 3 | 16.00 |14.70 I. 30 201 3 | 22.32 |22.32 
63 I | 14.66 |14.00 °.66 136 3 | 10.66 |10.85 |—0.19 202 3 | 15 84 14.62 
64 we 12.17 it3 13 | 0.04 137 3 | 12.46 |12.45 ©.O1 203 3 15.27 |14.48 
65 | 2/14 69 {13 88 | °.81 138 3 | 16.05 |14.68 5.37 204 3 | 16.51 |15.05 
66 | 2 | 16.02 {14.52 | 1 50 i| 139 3 115.77 |14.68 1.09 205 3 | 12.65 12.68 |— 
67 2 I§.1r |14 39 | 0.72 | 140 3 13.29 |13.37 |—0.08 2c6 3 12.54 |12.52 
68 2 16.24 |14.89 | 1.35 || 48 3 | 13.06 |11.94 1.12 207 3 | 12.04 |12.20 








5 =stars close together 


* Symbols: s =sequence star; d =double; c =close to bright star; t =off chart; b =blend: 
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CATALOGUE OF STARS IN MESSIER 46, MESSIER 50, AND NGC 2324*—Continued 





MESSIER 46 














| 
No. | R| Mpg Mm. C, No. | R| mpg | my | C, No. | R | Mog | Mm, | C, 
208 3 | 12.82 |12.80 | 0.02 || 28% 4 | 14.73 |13.95 0.78 354 | 5 | 10.38 |10.32 0.06 
209 | 3 | 13.61 13.29 | 0.32 || 282 | 4 | 15.57 |14.54 | 1.03 355 | 5 | 13.57 [13.38 | 0.19 
210 | 3 | 14-93 |14.08 0.85 283 | 4 | 15.04 |14.26] 0.78 350 § | 12.95 |12.97 |—0.02 
211 | 3 | 10.03 |15.00 | 1.03 284 | 4 | 14.04 /13.78 | 0.26 357 | 5 | 13.83 |13.47 | 0.36 
g12_ | 3 | 33-30 |13.22 o.14 285 | 4] 15.80 |14.52 | 1.28 358 | 5 | 12.78 |12.76 | 0.02 
213 3 | 12.81 [11.50 I. 31 286 4 | 13.80 |13.22 0.58 359 5 | 15.79 |14.56 1.23 
214 3 | 15.63 |14.48 1.15 287 4 | 13.06 |12.67 ©.39 3600 | § | 12.56 |12.51 0.05 
215 s | £8.82 (31.923 |-@.42 288 4 | 12.54 |12.76 |—0.22 | 361 | § | 15.63 |14.36 1.27 
216 3 | 10.88 |11.22 |—0.34 289 | 4] 13.32 |13.00 0.32 362 | § | 13.70 |13.49 | 0.21 
217 3 | 13.09 |13.04 0.05 290 4 | 16.02 |14.73 1.29 363 5 | 14.86 |14.39 ©.47 
218 3 | I§.05 |11.26 |—0O.21 291 | 4 | 12.86 |13.05 |—0.19 || 364 5 | 18.40 |11.84 |—0.44 
218a | 3 | 15.98 |13.82 | 2.16 292 | 4| 13.51 |13.33 | 0.18 || 365 | 5 | 15.37 |14.38 | 0.90d 
219 3 | 14.02 |13.47 ©.55 293 | 4] 13.87 |13.17 0.70 || 366 | § | 13.30 |13.34 0.05 
220 | 3 | 14.21 |13.54 0.67 204 | 4 | 12.23 |12.32 |—0.09 367 5 | 15.49 |14.05 1.44d 
ger | 3 | 82.39 |81.5§ |—0.30 2905 4 | 15.27 |14.13 |—-1.14 3608 | § | 13.46 |13.45 | ©O.0O1 
222 3 | 1§.78 |14.56 1.22 296 4 | 10.20 |10.26 |—0.06dBg 369 | § | 12.16 |12.24 |—0.08 
223 | 3 | 14.06 |13.70 | 0.36 297 | 4 | 14.30 |13.85 | 0.45 370 | § | 15.93 |14.46] 1.47 
224 3 14.94 |12.79 2.35 2,8 | 4 160.01 |14.706 1.25 371 | 5 | 14.35 |13 83 | 0.52 
225 g |. 23.26 |€3.32 |—0-07 299 | 4| 15.17 |14.36| 0.81 372 | 5 | 15.34 |13-98 | 1.36 
226 | 4 | 14.01 (13.49 ©.§2 300 4 | 15.07 |14.06 I.O1 373 | § | 13.11 |13.23 |—0.12 
227 4 | 13.12 |12.95 o.17d 301 4 | 15.63 |14.46 ¥.37 374 | $ | 11.24 |II.33 |—0.09 
228 | 4 | 16.16 |14.92 1.24 302 | 4] 14.14 [13.38 | 0.76 || 375 | 5 | 12.77 |12.63 | 0.14 
229 4 | 15.83 |14.60 1.23 303 4 | 15.06 {14.12 0.94 370 | 5 | 12.44 |10.90 1.54 
230 | 4 | 15.64 |14.56 1.08 304 | 4 | 15.58 113.66] 1.92 377. | § | 10.49 |10.76 |—0.27 
231 4 | 13.37 113.48 |—O.11 305 | 4] 16.27 |14.82 | 1.45 378 | 5 | 13.54 |13.00 | 0.54 
232 4 | 14.19 |13.54 0.65 306 | 4 16.04 |14.80 1.24 379 | 5 13.53 |13.26 0.27 
233 4 | 15.28 |14.20 1.08 307 | 4 | 14.01 |13.67 0.34 380 | 5 | 14.40 13 78 0.62 
234 4 | 11.96 |12.10 |—0.14 308 4 | 16.16 |14.64 | 1.52 381 | 5 | 14.33 |13.82 | 0.51 
235 4 | 15.29 |14.15 a: %% 309 4 | 16.22 {14.83 | 1.39 || 382 | § | 15.70 |14.61 1.09 
237 4 | 15.27 |14.40 °.87 310 4 14.65 |13.91 0.74 | 382a | 5 | 16.66 |14.54 | 2.12 
238 4 | 14.81 |14.00 o.81 311 4 | 15.58 |14.41 1.17 383 | 5 | 15.86 |14.58 | 1.28 
230 4 | 14.61 |13.67 0.94 312 | 4 | 15.65 |14.53 1.12 |} 384 | § | 13.14 |13.24 |—0.13 
240 4 | 16.23 |14.80 t.45 313 4 | 14.81 |13.42 1.39 1! 385 § | 16.09 |14.88 | 1.21 
241 4 | 15.26 |14.32 °.94 314 | 4 | 14.60 {13.83 | 0.77 |} 386 | 5 | 15.40 |t4.54 | 0.86 
242 4 | 10.91 | 9.98 °.93 315 4 | 15.27 |14.35 0.92 |} 387 5 | 15.80 |14.50 | 1.30 
243 4 | 12.88 |12.84 0.04 316 | 4 | 14.36 113.39 | oO 97 || 388 | 5 | 16.10 |14.67 | 2.43 
244 4 | 13.23 |13.26 |—0.03 317 4 | 15.83 |14.99 0.8 388a | 5 | 16.83 [14.87 1.96 
245 4 | 14.75 |13.82 © .93 318 4 | 10.55 |10.97 |—0.42 || 389 5 | 13.40 |13.29 | O.11 
246 4 36.88 134.3 °o 88 319 } 13.960 |13.47 0.49 | 390 § | 16.02 |14.75 5.37 
247 + | 14.88 14.06 o.82 31ga | 4 16.29 |14.29 2.00 |} 391 5 | 13.9% |I1.4% | 2.50 
248 | 4 | 15.71 |14.59 1.12 320 | 4 | 14.03 |13.64 | 0.39 }} 302 | § | 13.15 |13.23 |—0.08 
249 | 4| 13.88 [13.47 | 0.41 321 | 4 | 16.25 |t4.80 | 1.45 || 393 | 5 | 12.69 |13.06 |—o.37d 
250 4 | 13.88 [13.35 0. 53d 322 4 16.16 |14.33 1.83 | 304 5 | 12.67 |12.24 | 0.43 
251 4 14.88 |13.96 °.92 323 4 13 Og |12.99 0.10 } 3944 5 | 16.60 |14.55 | 2.05 
252 4 12.08 |12.72 |—0.04 324 4 14.09 |13.66 °.43 | 305 | 5 14.97 |14.13 | 0.84 
253 4 | 14.64 |13.87 0.77 325 4 | 14.47 |13.75 0.72 1} 396 | § | 15.08 |14.12 °.96 
254 | 4 | 15.87 |14.70 | 1.17 326 | 4 | 13.34 |13.32 | 0.02 | 307 | 5 | 15.47 |14.39 | 1.08 
255 q | 25.23 |24.25 ° 96 327 4 | 13.36 113.27 0.090 1} 308 | 5 | 15.36 {13.36 2.00 
256 | 4 | 16.00 |14.78 1.22 328 | 4 | 12.16 |12.16 | 0.00 || 309 | 5 | 12.56 |12.63 |—0.07 
257 4 14.29 |13.17 2.38 3290 4 16.15 |14.08 4.37 400 | § 12.47 |12.61 |—-0.14 
258 4 | 13.90 |13.74 0.16 330 4 | 16.21 |15.02 1.19 ||} 40% | § | 14.70 |13.78 | 0.92 
250 4 | 12.16 |12.38 |—0. 22 331 | 4 | 15.04 [14.61 1.33 |} 402 | § | 14.28 |13.80 | 0.48 
260 j 16.16 113.98 2.18 332 4 12.43 |12.54 |—O.1ft 403 | 5 13.01 |13.07 |—0.06 
260a | 4 | 16.41 |14.52 1.89 333 4 | 16.12 |14.84 1.28 404 5 | 14.17 |14.03 | 0.14 
261 4 15.65 |14.60 1.05 334 4 | 12.99 |13.08 |—0 09 405 | § | 16.19 |14.79 | 1.40 
262 4 | 13.99 |13.63 © 36 335 4 | 12.48 [12.53 |—0.05 | 06 | § | 10.49 |10.96 |—0.47 
263 4 | 13.36 |13.36 0.00 330 4 | 15.86 |14.42 1.44 |} 407 | § | 15.22 |14.17 1.05 
264 4 | 15.81 113.84 1.97 337 4 | 15.24 |14.37 °.87 1} 408 | § | 16.23 |14.80 1.43 
265 ¢ | 15.84 |14.68 1.16 337a | 4 | 16.72 114.56 2.16 || 409 | § | 13.85 |13.66 0.19 
206 4 | 15.62 |14.49 1.13 338 4 | 14.99 |14.00 °.99 || 410 5 | 15.26 |14.15 1.11 
266a 4 16.59 |15.03 1.56 330 4 14.55 |13.78 @.77 41r | § 15.40 |14.40 1.00 
267 4 14.20 (13.95 0.25 340 4 10.11 |13.95 2.16 } 412 5 14.00 |13.77 0.23 
208 4 | 13.58 |12.38 1.20 341 4 2.91 [12.33 0.5! 1} 413 | § | 16.36 |14.37 1.99 
269 + | 16.34 114.99 1. 35d 342 4 | 12.22 |12.53 |—0.31d || 414 | § | 13.20 |13.29 |—0.09 
270 4 | 13.36 |13.34 © 02 343 4 | 14.85 |13.66 1.19 }| 415 § | I1.19 |II.75 |—0.56 
271 4 15.79 |14.60 1.19 344 4 I5.Q1 |14.50 1.4! || 416 § | 13.73 |13.62 o.Ir 
272 4 16.19 |14.59 1.60 345 4 14.60 |13.58 I.02 417 5 | 13.24 |12.95 | 0.29 
273 4 15.54 |14.4! I.13 346 4 | 15.50 |14.38 3.32 |} 418 § | 12.15 |12.31 |—0.16 
274 4 | 13.88 [13.57 oO. 31 347 4 | 10.79 |II.10 |—0.31 419 | 5 | 13.49 |13.44 | 90.05 
275 } 15.98: 14.69 1.29: 348 4 14.10 {13.75 0.35 j} 420 | § 14.01 |13.76 0.25 
270 4 15.62 |14.50 5.42 349 | S 13.Q1 |13.75 °o.16 4208 | § Irt.1Ig (II 66 |—-0O.47 
277 } 15.82 |14.47 338 350 5 Ir.§2 |11.80 |—o.28 || 421 5 | 15.31 |14.03 1.28 
278 4 | 16.07 {14.68 1.39 351 5 | 12.78 |12.88 |—o.10 422 5 | 15.47 |14.36 ..3 
279 j 10.82 {11.10 |-—0. 28 352 5 Ir .63 |11.98 |—0.35 | 423 5 12.80 13.10 |—0.30 
280 4 | 15.63 |14.51 2,32 353 § | 13.67 |13.50 0.17 || 424 § | 14.24 |13.85 °.39 


| 
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MESSIER 46 


























No R Mog m, C, No R Mog m, C, No R Mog m, c. 
424a 5 10.30 |14.37 I.93 143 5 RS:.28 (84.22 I 19 403a 5 10.7! 14.05 > of 
425 5 15.52 |14.35 r.47C $44 5 16.10 |14.80 I. 30 404 5 12.41 |12.44 3 
420 5 10.50 |I1.71 |—0.55 445 5 15.55 |14.00 1.19 405 5 14.42 (13.79 >. 03 
420a | § 15.37 |13.59 1.75 440 5 15.70 |14.04 r.%2 $00 5 160.00 |14.73 5.94 
427 5 10.15 |14.07 1.45 147 5 15.50 14.75 1. o8d 407 5 I§.42 |14.43 >. 99 
428 5 12.32 |32.56 |—0.24 445 5 14.10 |13.790 0.37 405 5 12.52 i32.50 2 07 
429 5 15.76 |14.82 0.94 449 5 13.04 |13.10 |—0.00 1090 5 10.99 |II.22 0.23 
430 5 15.51 (|14.55 °.90 450 5 13.20 |12.380 0.34 $70 5 12.58 (13.12 >. 24 
431 5 13.90 |13.57 0.33 $51 5 12.81 |12.65 °o.16 471 5 I§.O1 |14.0 © 99 
432 5 12.40 |12.66 |—o.26 $52 5 10.87 |II.00 |—0.13 472 5 17 OI |15 og I.g2 
133 5 15.19 |14.290 °.9g0 153 5 10.05 |15.01 I.O4 173 5 10.05 14 67 1.38 
434 5 15.57 |14.45 I.0Q $54 5 13.01 |13.35 0.23 474 5 15.23 14.29 >. Q4 
435 5 15.60 |14.08 1.52 455 5 10.12 |14.53 I.29 175 5 5S. S24. 133.87 > 
430 ~ 14.89 |14.13 0.70 150 5 13.80 |13.77 I.03 $75a 5 10.34 |14.93 I 41] 
437 5 10.17 |15.01 1.10 157 5 EE. 3S TT. 07 =. 30 470 5 Ir.05 |31.74 78) 
438 5 16.19 |14.40 I 158 5 15.58 |14.4¢ 1.18 477 5 15.30 13 ) re 
$38a 5 15.95 |14.605 E23 $59 5 $282 1%3.50 -|~—0.26 475 5 14.95 |13.94 I O04 
439 5 15.03 |14.00 1.57 400 5 10. 59 I1.30 oO 4! $79 0 12.30 (12.2 12 
440 5 14.05 (13.97 °o.7!I 401 5 14.94 |14.10 0.78 450 5 57.2 14.7! 19 
$41 5 14.22 |13.75 0.44 402 5 15.00 |14.5!I Pe 
442 5 15.52 |14.49 1.03 403 5 I§.10 |14.42 °. 68 
MESSIER 5 

I 2 7-9 7.66 Oo 3:8 15 I 10.738 |10.52 °o 26 gs 2 15 9 14 I 

2 3 g.10 3.35 ©. 25:8 19 I 12.88 |12.54 © 34 99 10.1 14 ¢ I 

3 3 9.cg 8.95 O.14:S 5° I 15.53 |14.74 >.79 100 ? B3.04 |32.7 ; 

} 3 9.67 9.65 0.02:S I 2 9.98 9.75 oO. 23 101 14 13.75 

5 5 10.30: I0.15 0.15:sb 52 2 16.17 |15.02 115 102 2 11.88 |11.62 

0 4 3.35 162 7 0.258 3 2 12.64 |12.01 0.23 103 2 52.60 (22.87 4 
6a , 7.47 S S4 2 14.56 13.76 °. 80 104 14 13.03 59 
7 5 10.63 |10.538 o.10s 55 2 i203. [52.75 oO. 18¢ 105 16 we ; I 

8 5 15.14 |14.11 I 03S 50 2 14.13 |13.52 o O1 106 13.35 |12.7!1 

8) 4 £3.45 {E522 ©. 34S 57 2 10.35 |14.83 E52 107 13 13.24 s 
ga 4 17.07 |15.02 2.058 55 2 16.01 |14.71 I. 30 108 3 14.22 |13.4 7 
10 4 15.490 |14.47 1.028 59 2 160.28 |14.9I L387 109 3 11.82 |11.4 7 
II 2 52.233 {22.25 o.18s 6c 2 12.00 |12.44 O.2% 110 13 Og 12.6 1 
12 2 I2.30 |12.20 ©.10S oI 2 If.07 |10.90 0.17 II! 14.15 |13.61 5 
13 2 15.85 |14.79 1.06s 62 2 13.50 |12.06 1.44 112 3 15 gS (14.65 I 

14 2 15.02 |14.23 © 79S 63 2 I§.1S |14.1% I 07 113 3 12.05 |1It 

I5 I 12.45 O.24S 64 ? 15.24 |14.27 It4 3 £2.70 it { 

10 3 I 13.40 ©.37S 05 2 12.02 |12.20 115 3 14.69 I ] 4 
17 3 13.090 c sos 60 2 14.49 {13.50 110 3 12 5 I II I 
1d 4 10.48 ©.09S8 67 2 10.10:| 9.60 117 } 13.51 |13.06 } 
19 rt 13.16 0.738 65 2 52.26 (32.0% 0.24 118 3 12.160 |11.48 $ 
20 4 13.32 oO. 206s 69 2 I§.11 {14.31 °o 80 119g 14 I 3 

21 } 14.43 0. 50s 70 2 1I.74 |I1.47 >. 27 120 3,5 I | 
22 4 12.19 o.1ISs 71 2 15.48 (14 1.00 121 13.6 I I 
22a 5 s 72 15.05 /|13 1.33 12 15.15 |t4 ) I of 
23 4 54.21 I 138 73 2 10.coO |14.73 eS | 123 3 101 r4.7 I 
24 4 12.73 O.25S 74 2 13 04 |12.09 >. 35 124 I 13 |14 I 
25 1 13.92 o 675 75 2 32:22-\29 2 0.20 12 14.8 13.58 I 7 
20 3 14.10 oO SIS 79 2 £3.22 152 oO 31 125a 7 I 00 |14.4 I 
27 3 13.17 ©.435 77 2 14.00 13 53 120 I 5 4.5 I ( 
25 3 14.05 0. 62s 738 2 14.I1 |13 0.7! 127 11 I jt! I 
290 4 II oI Oo. O5S 790 2 IO. 20 Q.75 0.45 125 I I4.4 Boe 
30 } 14.09 o.gIs ‘et e) 2 11.59 {11.55 0 O04 129 ; 10 o8 14 I 

31 4 14.99 1.758 Si 2 14.035 [13.95 >. 7 13 3 I2 Q4 I S4 10d 
32 I b2.23 0.09 52 2 16.38 |15 OL I. 37 131 3 11.660 11.38 8 
33 I 14.95 1.20 53 2 Eg .00 [EI .§2 Oo 25 132 I EF 123 I 
34 I 15.14 1.42 54 2 13.05 |13.09 > O4 133 ; 15 14 9 
35 I 10.gI o.14d 85 2 | 13.94 |13.48 °. 46 134 3 | x2 12.27 

30 I 11.60 0.24 50 2 I§.53 114.53 I.0o 134a 3 17.05 |14 

37 I 14.25 0.78 57 2 160. 2 14.890 I I 13 3 I > |I 39 II 
35 I 12.40 0.13 55 2 14.35 |13.72 0 63 13¢ 3 160 4 15 1 I ) 
390 I 9.00 Oo ° SOQ 2 I5.§2 I4 55 > O4 137 3 If I I 

ste) I Ra.97S 423.32 0.43 go 2 I5. gO 14.380 I. 10 135 ; 16.1 B4.71 I 

iI I 13.65 |12.90 °o. 609 gi 2 I5 oO 14.33 °o.760 139 3 I 14.4 s 
42 I 10.99 |10 39 °o.10 Q2 2 I§.95 |14.07 1.25 140 3 14.45 |13.6 

43 I I§.21I |14.36 0.33 93 2 14.50 14.09 0.77 I4I [2.277 \to. Se 1g 
44 I 12.97 |12.50 ©.47 904 2 15.10 |14.36 2.74 14 3 I 5 iI ! 11 
45 I 12.02 |II.3I o.7!1 9 16.26 |13.42 2.84 143 3 16 00 14.65 I 

46 I 15.55 |14.40 aS gO 2 53.35 [23.80 o.10 144 3 13 O1 Il ¢ I 

17 I 12.05 I1.80 0.25 97 2 12.66 12.56 0.10 145 14.44 |13.68 ) 
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MESSIER 50 











No R| mop m,. C, No R| mp, m,. C, No. | R Mg | m, € 
140 3 15.04 |13.22 2.42 202 4 12.49 |12.15 0.34 256 5 14.89 |14.19 | o 7° 
147 3 10.59 |15.09 1.50 203 4 13.990 (13.31 0.68 iy ae 15.81 |14.69 5.52 
148 3 | 12.61 |12.34 0.27 204 4 | 14.95 |13.94 I.O1 257a | 5 | 17.04 |14.29 | 2.75 
149 3 10.12 |14.57 a as 205 4 IIt.18 |II.00 o.18 258 | 5 12.25 |12.14 O.14 
150 3 12.71 |12.01 0.10 206 4 14.71 |14.02 0.69 259 5 13.98 |13.29 | 0.69 
ISI 3 10.95 |II.02 |—0.04 207 4 15.66 |14.54 5.32 260 5 16.2 54.07 | 23.37 
152 3 14.65 |14.00 0.65 205 4 13.88 [13.45 ©. 43 261 | 5 15.50 |14.36 | 1.14 
153 3 16.48 |14.30 2.18 209 4 15.68 |14.77 °.gI 262 5 15.33 |14 31} 1.02 
154 3 15.96 |14.69 1.27 210 4 10.97 |II.Ig |—0.22 263 5 14.66 |13.76 °.90 
155 3 | 12.14 |11.88 0.26 211 4 | 13.02 |12.88 0.14 264 5 | 14.86 |13.95 °.gI 
156 3 12.54 |12.18 0.36 212 4 13.54 |13.32 0.22 265 | 5 I5.1I |14.09 | 1.02 
157 3 9.55:| 9.50 0.05: 213 4 15.67 |13.43 2.3 2060 | 5 16.38 |14.96 } I.42 
1s8 3 10.52 |10.40 O.12 214 4 1§.53 |14.72 o.8I 207 5 14.94 |14.00 | 0.94 
159 3 9.40:| 6.80 2.60: 215 4 | 15.28 |14.40 °. 88 268 5 | 13.60 |13.32 | 0.28 
160 3 | 16.08 |14.62 1.46 2106 4 | 16.34 |15.06 1.28 269 | 5 | 11.61 |11.42 | 0.19 
161 3 15.95 |/14.506 I. 39 217 4 13.90 |13.51 ©.39 270 5 16.31 |14.88 1.43 
162 3 14.63 |13.72 0.96 218 4 14.61 |13.89 0.72 aan 4S 13.01 |12.94 | 0.07 
163 3 15.40 |14.43 ©.97 219 4 12.68 |11.69 °.99 272 5 14.19 |13.68 °o.51 
104 3 15.93 |14.77 1.16 220 4 12.Q1I |12.45 °o.46 273 5 12.39 |12.34 | 0.05 
165 3 Ir .34 |I1.50 C.34 221 4 14.55 |13.92 0.66 274 5 15.39 |14.46 |] 0.93 
166 3 15.24 |14.30 ©.94 222 4 12.70 |12.42 °.28 275 5 15.81 |14.74 1.07 
107 3 12.25 |12.24 0.04 223 4 14.65 |13.Q! 0.74 270 5 12.35 |12 48 |—0.13 
168 3 1§.45 |14.60 0.88 224 4 1§.57 |14.49 1.08 277 5 16.16 |14.81 3.35 
169 3 10.45 |10 30 0. 15:d 225 1 16.04 |14.71 I. 33 278 5 I§.Q1 |14.55 | 1.36 
170 3 14.22 |12.09 2.13 226 4 13.81 (13.35 °o.40 279 5 13.33 {13.20 | 0.07 
71 3 10. 50 |10.30 0.20 227 4 15.70 |14.50 0.84 2380 5 13.20 |12.44 °.82 
172 3 15 55 |14.602 1 225 4 ¥3.34 [33-2 °o.10 251 5 16.13 |I5 03 | I.10 
173 3 15.590 |14.55 I O4 229 } 14.89 |14.18 °.71 282 5 15.24 |14.40 | 0.84 
174 3 12.78 |12.72 °o 06 230 4 10. $0 |10.50 ©.30 283 5 15.89 |14.56 .33 
175 3 15.40 |14.35 1.05 231 4 10.40 |14.90 1.50 234 5 160.03 |13.96 2.07 
176 4 10.47 |1§.¢c2 1.45 232 5 10.41 |14.385 1.56 235 5 16.08 |13.68 2.40 
177 4 | 15.73 [14.56 ej 23 5 | 16.50 {14.73 o.77 286 5 | 15.95 {14.88 | 1.07 
175 { 10.20 |14.74 1.46 2 5 160.21 |14.09 4.32 287 ~ I2.Q1 |11.38 z.53 
179 4 I 2 ‘2 oO 52 235 5 12.15 |I1.gt O.24 288 5 15.01 |14.604 °.97 
180 } I 4.0% 0.57 230 5 13.40 |12.88 oO §2 2890 5 14.46 |13.66 °.80 
181 4 I 4.08 1.16 237 5 15.57 |14.53 I 04 290 5 15.77 |14.69 1.08 
182 } I I Oo. 43 238 5 4.97: 13S. 38 ©. 43 291 5 13.20 |13.11 0.09 
183 , | 1 } 0.98 239 5 | 13.01 |12.91 °.10 292 § | 12.38 |12.26 o.12d 
154 } 4 33 240 5 10.37 |15.04 3.33 293 5 15.75 |14.52 1.26 
185 } 4 st 241 5 12.92 |I1.2 1.68 204 5 15.17 |14.2 °o.88 
186 4 3 °. 09 242 5 14.460 |14.04 Oo 42 2¢ 5 14.19 |13.51 °o. 68 
187 { °.96 243 5 12.16 |10.28 1.88 5 Il.39 |I11.13 °.26 
1838 } o 60 243a | § 160.51 |15.02 1.49 5 14.76 |13.81 0.95 
1590 { 1.15 244 5 15.85 |14.23 1.65 5 Ir.40 /II.or 0.45 
189a t 2.97 245 5 15.88 |14.60 1.28 ree) 5 15.75 |14.94 o.81 
Igo 4 I 20 240 5 10.09 |14.93 1.16 300 5 II.24 |Ir.40 |—0.22 
IgI } 1.06 247 5 17.14 |14.02 3.12 301 5 13.04 |12.81 0.23 
1Q2 } 0.53 247a | § 15.96 |14.89 I.07 302 5 11.84 |11.76 0.08 
193 4 0 50 247b 5 16.69 |13.61 3.08 303 5 15.67 |14.68 °.99 
104 4 0.07 248 5 15.93 |14.71 1.29 304 5 13.07 |10.52 2.55 
195 } °o 20 249 5 I§.29 |14.26 [.03 305 5 15.66 |14.36 I.30 
196 4 1.38 250 5 I2. QI |11.93 °.93 306 5 14.05 |13.89 °o.16 
197 1 O27 5 13.40 |13.07 °.33 307 5 15.74 |14.75 °.99 
198 4 1.44 5 15.64 (13.59 2.05 308 5 16.61 |13.68 2.93 
199 nl ° 66 5 | 15.81 |14.61 I.20 308a | 5 | 14.58 {14.08 °.50 
00 { © 4! 5 | 14.68 |13.98 0.70 308b | 4 | 16.21 |14.30 I.gI 
201 { ¥.26 5 Ir. 80 |10.93 0.87 | 
NGC 2324 

I I 13.72 |13.81 °o 0g i¢ I 14.40 14.40 0.00 32 2 15.87 |14.57 I. 30 
2 I 14.55 14.04 oO. 21 17 I 14.00 |14.12 —-0.00 33 2 14.74 |14.04 °o.10 

3 I 14.22 |34.4! —O 19 15 I 13.40 13.54 0.05 34 2 15.45 |14.90 °.490 

1 I IS 95 3S .33 oO 32 19 I 14.49 13.05 I.44 35 2 10.02 15.05 °o.9Q7 

I I5 g60 15.20 o.760 20 I 10.07 (15.43 0.04 36 2 14.90 14.05 0.25 

6 I £%. 30 133.23 0.16 21 I 15.92 14.28 1.64 37 2 16.06 15.18 °.88 
7 I 14.50 14 59 Oo. 21 22 I 13.89 14.05 —o. 10 38 2 13.55 |13.48 0.07 
8 1 10 51 15 15 I 36 23 I 13.51 13.64 0.17 39 2 13.30 13.29 0.Oo1 
Q I 15 45 15 15 0. 30 24 2 15.30 15.03 0.33 4 2 15.52 15 08 0.44 
10 I 16.30 14.35 I 95| 25 2 15.49 |14.98 °.5I 4 2 15.10 14.94 °.16 
II I 15 605 14.506 °o 79 20 2 1§.45 |14.93 oO 52 2 2 I§.QI (15.32 °.59 
12 I 15 og 14.88 oO. 21 27 2 15 39 14.05 I.24 43 2 15.38 |15.10 °.28 
=_ : 14.260 14.02 pe 28 2] 43.45 183.53 0.05 14 2 15.80 15.10 ©.70 
14.48 |14.28 0.20 29 2 13.64 13.50 O.14 +5 2 13.41 |12.85 °.56 

I4 I 15 03 15 15 0.45 30 2 15.55 I5 Ol °o. 54 40 2 3g.2 14 82 O.42 
15 I 13.78 |13.40 0.38 31 2 I5 10 14.66 0.44 17 2 15.82 |15.25 0.57 
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NGC 2324 

















No. | R Mg m,. C, No R Mog m, ig No R M yee m, ic 
48 2 16.33 {15.38 0.905 128 3 15.73 |15.06 0.67 205 5 16.14 |15.45 ©. 69 
49 2 1§.72 |14.68 I.04 129 3 1§.71 |1§.00 0.65 200 5 15.50 14.55 I.22 
5° 2 | 13.63 |12.30 1.33 130 3 | 14.08 {13.72 ©. 36 207 § | 14.95 |14.72 °.2 
SI 2 12.05 |12.41 ©.24 131 3 13.85 |13.96 |-—o. II 208 5 160.13 15.49 0.64 
52 2 | 15.46 {15.03 ©.43 133 3 | 15.05 |14.36 °.69 209 § | 16.23 |15.22 I.O1 
53 2 14.50 |14.33 0.23C 134 3 14.10 |12.760 1.34 210 5 15.99 15.05 O94 
54 2 15-33 |14-.92 °o.4!I 135 3 13.40 |13.03 |—0.17 2I1 5 14.39 14.52 0.13 
55 2 | 16.02 {15.29 ©.73 136 3 | 13.78 |12.05 1.73 212 5 | 16.15 14.89 1. 26'd 
50 2 13.96 |14.04 |—0.08 137 3 15.00 |14.74 0.32 213 5 14.50 14.02 ° 18| 
57 2 15.38 |15.00 °.38 138 3 13.30 |13.39 |—0.09 214 5 BS.72 |%5..21 °.51 
58 2 20.37 iZ5.22 1.160 139 3 14.40 |14.47 |-—0.0O!1 215 5 13.55 11.80 1.78 
59 2 14.20 |14.35 |—0.09 140 3 14.55 |13.94 o. 604 216 5 ES.05 {35.22 0 63 
60 2] 14.65 |14.54 o.1r 141 3 | 15.63 |15.04 °.59 217 5 | 16.27 |15.52 75 
61 2 13.98 {14.34 |—0.36 298 3 14.62 |13.79 °o 83 218 5 16.13 |14.48 1.65 
62 2 15.03 {15.12 °o.5!1 142 4 10.07 |15.30 °o.7!I 219 5 13.92 |13.35 ©.57 
03 2 10.19: |15.00 I. 19:c 143 4 15.16 14.56 °.60 220 5 I§.42 {14.50 >.g2 
04 2 1§ .04: |14.77 ©. 27:C 144 4 16.44 |15.40 I O04 221 5 14.29 |14.3I1 0.02 
65 2 50.53 135.33 °.79 145 4 14.53 |14.27 °o.20 222 5 15.34 14.70 °.58 
606 2 15.62 |1§.12 0.50 140 4 10.22 (15.45 0.77 223 5 15.03 |15.11 O.5§2 
07 2 14.09 {13.11 1.58 147 4 13.92 |12.79 Fee 224 5 14.87 |14.22 0 65 
68 2 | 14.590 |14.41 ° $3 148 4 | 14.903 |14.57 ° 36 225 5 15 46 14.96 o 50 
69 2 15.23 |14.Q1 O.32 149 4 15.94 15 34 °o 60 220 5 15.74 |14.51 1.23 
7O 2 | 15.81 |15.16 ° 65] 150 4 | 16.37 |%5.52 0 85 227 5 | 13.20 |13.43 23 
71 2 | 1§.32:|14.76 0.56 IS! 4 | 1§.38 |14.95 Oo. 3¢ 228 5 15.94 14.92 I.02 
7 2 1§.75 |1§.12 o. 66 152 4 14.29 13.99 °o 30 2290 5 15.438 (14.45 I 00 
73 2 14.80 |14.73 0.13 153 4 16.64 |15.25 I. 30c 21s 5 I 090 |12.43 0.606 

28 | 2 | 10.50 {10.37 0.13 154 4 | 15.86 14.95 °.QgI 228 | 5 15.00 |13.70 I 30 
308 | 2 | 15.43 |14.46 °.97 155 4 | 11.88 11.55 ©. 33 238 | 5 | 13.43 [13.58 0.15 
74 3 14.84 |14.64 0.20 150 4 16.04 15.31 o.93 24S 5 15.15 |14 39 °.79 
75 3 | 13.43 |11.62 1.81 157 4 | 15.55 |1§5.14 o.4! 25s | § | 14.68 |13.37 I 31 
70 3 £3.45 i33.§5§ |—0.30 158 4 15.50 15.07 ©.49 258a! 5 160.55 

77 3 | 14.39 |14.10 °.29 159 4 | 14.77 |34.35 oO 42 26s | § | 15.51 |14.79 0.72 
78 3 | 15.04 |14.65 °.39 160 , | 14.78 114.64 O14 26sa] 5 | 17.38 

79 3 | 15.78 |15.34 0.44 161 4 | 14.19 |12.79 I4 ss | § | 13.33 |13.51 2 18 
80 3 15.69 |14.96 ©.73 162 4 16.53 14.65 1.88 . 5 15.15 |14.87 >. 28 
SI 3 10.20 |14.59 1.07 103 } I4.QI 14.03 o 88 os 5 13.84 {13.93 ° ) 
82 3 | 1§.04 |14.74 ©. 30 164 } 14.44 |14.48 OQ 04 10s | 5 14.12 13.60 Ms 
83 3 | 13.64 |13.2 ©. 43 165 4 | 15.18 |14.55 © 63 Its | § | 13.90 |13.82 > 03 
84 3 | 13.00 |13.2 —0.23 166 4 | 12.65 |12.80 |—0.15 12s | § | 15.46 |14.97 ° 49 
85 3 14.26 |14.30 |—0.04 107 4 16.158 15.406 0.72 138 5 15.47 14.95 49 
86 3 54.728 (23.3 5.83 1638 4 I§.93 15.3! 0.62 14S 5 13. Of (13.31 30 
87 3 | 11.95 {11.34 o.61 169 4 | 16.51 14.98 I. 53 I§s | § | 13.42 |12.51 > OF 
88 3 13.30 113.55 |—0.25 170 4 15.99 15.32 ° 67d 16s 5 I4.51 {14.21 0. 10 
89 3 | 13.65 113.90 —0 25 171 4 | 15.71 |15.07 o 64d 208s | § | 15.14 |13.42 1.9 
go 3 12.80 |12.69 0.48) 172 t 15.77 14.89 o 88d 278 5 12.63 |12.43 >. 20 
QI 3 | 14.26 |12.82 1.44 173 4 14.7 14.61 °o 10 278a) § 17.17 

2 3 | 1§.34 |12.98 2.36 174 4 | 14.56 |14.51 0 05 28s | 5 | 13.55 |13.81 oO 20 
93 3 | 14.68 |14.22 °.46 175 4 15 39 14.93 °o. 46 6s | 6 | 13.67 |13.20 >. 47 
94 3 | 16.37 |15.39 0.98 176 4 | 14.73 114.54 0.19 7s | 6 | 14.64 |13.96 °o 63 
95 3 | 15.95 |15.45 °.50 177 4 | 15.56 (15.04 O.52 230 E | 13.25 |11.61 1 64 
g6 | 3 15.75 |1§.39 °.39 75 4 15.94 15.18 °o 70 231 E 14.93 |14.30 57 
97 3 | 13.88 |13.45 0. 43 179 4 | 14.77 |14.66 Ol! 232 E| 14.29 |!3-77 >. §2 
98 3 | 15.18 {14.48 o 70d 180 a | 24.47 123.08 ©. 49 233 B| 82.54 (88.32 o. 24 
99 3 | 13.68 |13.78 |—o.10 181 + | 16.00 15.39 o 61 E | 12.23 |%2.03 20t 
100 3 | 14.71 |14.63 ° 08 182 4s | 14.76 |14.31 0.45 BE} 13.3 12.12 1.25f 
Io! 3 | 14.31 |14.40 |—0.09 183 4 | 14.19 |12.31 1 88 E | 15.96 {15.21 75 
102 3 | 13.909 114.35 |—0.36 184 4 | 1§.10 |14.63 0.47 E | 15.69 |14.85 0 84 
103 3 | 13.89 |12.71 1.18 185 4 | 15.56 |15.00 ° 56 E | 15.37 |14.67 7ot 
104 3 | 15.47 |15.08 ©. 39 186 4 | 16.19 |15.59 © 60 E | 15.57 |14.87 70f 
105 3 | 15.46 |14.63 0.83 187 4 | 16.32 |15.47 0 85 E| 13 14.03 »4f 
106 3 | 15.40 |14.74 ° 66 188 4 | 16.15 |85.37 °.7 E| 14 13.69 >. 32 
107 3 1§.57 |15.19 °.38 189 4 14.21 |14.35 O14 E| 16 14 36 1.39 
108 3 | 84.43 184-4 ©.00 190 4 | 15.58 115.07 o.51 E | 15.70 |14.79 )1 
109 3 | 13.92 113.95 |—0.03 IgI , | 35.72 [15.18 0.53 E | 16.29 |15.38 )I 
110 3 | 14.24 |14.32 |—0 08 38 4 | 12.37 |11.93 © 44 E | 16.62 |14.79 1. 83f 
III 3 | 16.08 |14.97 I-11 48 | 4 | 12.24 |12.00 © 24 E 9.7 9g 31 hast 
112 3 1 35.48 184.53 ©.92 17S 4 | 15.76 |15.13 o 63 E | 12.97 {12.02 > ost 
113 3 | 14.81 |14.46 0.35 18s 4 | 15.29 |15.0¢ Oo 29 E | 11.88 |11.88 ot 
114 3 | 13.11 |12.64 0.47 19s | 4 | 15.46 |15.07 ©. 39 E | 15 86 |14.96 of 
115 3 | 15.87 |15.30 0.57 192 5 | 12.90 12.63 © 27 E | 15.01 |14.45 1. 46f 
116 3 | 14.62 |14.58 0.04 193 5 | 15.81 |15.09 0.72 E | 13.31 (13.14 >.17f 
117 3 | 14.79 |14.40 0.39 194 S | 33-70 (22.53 1.26 | 25.56. 14.31 1.25f 
118 3 | 14.24 |12.99 1.25 195 s | 16.49 (15.59 ©. go E} 13.31 {13-19 12¢ 
® fe) 3 13.70 |13.88 |—o.12 196 5 16.10 |1§.18 ° 92| E | 13.56 |11.70 1. 86f 
120 3 | 15.73 |15.16 0.57 197 5 | 15.26 |14.72 0.54 E | 15.39 |14.42 o o7f 
121 3 14.43 |13.18 1.25 198 5 15.68 15.09 ° 590 E 10.14 |14.97 ai 
122 3 | 15.66 |15 06 °. 60 199 s | 16.56 |14.50 1.97 E | 15.91 |14.05 1 Sof 
123 3 | 15.48 |14.97 o.51 200 5 14.86 14.61 © 25 E | 15.72 |14.84 Oo 55 
124 3 | 14.81 |14.56 0.25 201 § | £3.70 (12.34 1.45 E| 15.01 |13.64 I | 
125 3 | 13.05 113.29 |—0.24 202 5 | 14.66 |14.37 0.290 E| 12.51 |11.88 0.63) 
126 3 15.85 |15.28 0.57 203 5 15.21 |14.89 ©. 32 
127 | 3 | 14.13 |14.09 © .04 204 s | 25.76 |t4.74 I.02 











SPECTROPHOTOMETRY OF 67 BRIGHT STARS WITH 
A PHOTOELECTRIC CELL 


JOHN S. HALL 


ABSTRACT 

This paper gives 728 heterochromatic magnitudes of 56 stars observed at the Sproul Observatory and 
640 magnitudes of 64 stars observed at the Amherst College Observatory. The spectral regions at which 
these magnitudes were measured were sharply defined, and the effective wave lengths were accurately 
determined. The Sproul magnitudes include thirteen adjacent spectral regions extending from 4560 A 
in the blue to 10,320 A in the infrared. The Amherst magnitudes include ten spectral regions extending 
from 4500 A to 8810 A. 

The method of forming the spectra and of segregating and reflecting definite spectral regions to the 
cathode of the photocell is described. Several aspects of the performance of the photocell and electrometer 
pertinent to these programs are mentioned. 

Extinction coefficients were determined at six different spectral regions at Sproul and in all ten regions 
at Amherst. The results of these determinations are shown in Table 2. 

The probable errors of a single determination of magnitude (two readings per region at Sproul and 
three at Amherst) derived from the internal agreement of the data are shown in Table 6. 

The residuals after the systematic differences in the zero points of the Sproul and Amherst observa- 
tions of the same stars have been removed are shown in Table 9. The mean systematic difference in the 
zero points for all 47 stars observed in common are given in the final column of Table 8. 

The Amherst magnitudes are compared with those determined by Kienle, Strassl, and Wempe in 
Figure 1 for regions extending from the blue to Ha. They are compared with magnitudes determined by 
Hoff for the regions farther to the red in Figure 2. 

The final magnitudes shown in Tables 7 and 8 are relative to Ao stars. A constant has been added 
to all Sproul magnitudes, and another constant has been added to all Amherst magnitudes in order to 
bring the zero points of the two systems into agreement with that of the Harvard Revised Photometry. 

The discussion of these and other data is to be given in a subsequent paper. 


INTRODUCTION 


Stellar spectrophotometry with the photoelectric cell, in the past, has usually been 
confined to observations in two loosely defined and overlapping spectral regions. The 
great redeeming feature of these measurements was the high accuracy with which they 
could be made. The data presented in this paper were obtained by a method which puts 
emphasis on the definition of the spectral energy admitted to the cell as well as on the 
accuracy with which it is measured. Spectra were formed in the focal plane by means of 
a grating. An especially designed ‘“‘spectrometer’’ with two movable slits placed in the 
focal plane of the objective was used to separate and measure the wave lengths of the 
definite energy units it reflected to the cell. 

Although the discussion of the data presented at this time is to be given in a subse- 
quent paper, it is not out of place to give here a brief summary of the purpose of this 
study. In the first place, it is to investigate the extent to which the relative colors of a 
group of stars depend on the spectral region in which they are determined. In the second 
place, it is to look for peculiarities in the energy distribution which may be attributed to 
invisible companions, selective interstellar absorption, or to an effect of absolute magni- 
tude. And, finally, since the brightness of each star is determined in terms of that of the 
other stars, it is to find how observed changes in brightness are related to changes in 
energy distribution. 

THE APPARATUS 


The following descriptive material presented in this paper is intended primarily to 
supplement that already published.t Each important element in the technique will be 
discussed separately. 


' Ap. J., 84, 369-380, 1936. 
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I. GRATINGS AND SPECTROMETER 


A large wire objective grating giving a dispersion of 483.5 A/mm at the visual focus of 
the 24-inch objective was first used at the Sproul Observatory in December, 1936—two 
months before this program was initiated. This grating was so constructed that even- 
order spectra are missing. The extent to which this is true may be inferred from the fact 
that the eleventh-order spectrum of a bright star has been photographed without show- 
ing a trace of the second order. The intensity of the second order was therefore much 
less than 1 per cent of that of the first, and the first-order infrared could be observed 
without interference from the second-order visual light. Despite the fact that cor- 
responding wave lengths from each first order were reflected simultaneously to the cell 
by the spectrometer, only about 16 per cent of the available energy was utilized. A 
photograph of this grating is reproduced in Plate VI. 

The observations made with the wire grating were continued until May 6, 1938. Dur- 
ing the following summer the photometer was transferred to the 18-inch telescope of the 
Amherst College Observatory, and a Wood replica grating? was used instead of the wire 
grating. It was placed in the converging beam of the objective, 35 cm from the slits of 
the spectrometer. Since this replica was more than twice as efficient? as the wire grating 
for nine of the ten regions observed at Amherst, fainter stars could be observed with the 
smaller telescope in these nine regions. Although the spectrometer was designed in such 
a way that a single bright first order could be measured, there are several reasons why it 
seemed advisable to measure 2 bright first orders. The effect of guiding errors is greatly 
reduced since a slight shift in the direction of the dispersion causes the energy entering 
one slit to be bluer, and that entering the opposing slit to be redder, than that to be 
expected from the position of the slits when the star is perfectly centered. The effects of 
atmospheric dispersion are compensated in the same way. A further advantage is 
gained in the measurement of the scale of the photometer. The response is measured 
first with one slit and then with the other, covered, and the net response is compared 
with that observed when both slits are open. Professor Wood made a replica with 1448 
lines per inch in two parts. The two halves were in contact in the center, but the shape 
of the rulings in each half differed in their orientation by 180°. Since this replica was 
carefully centered in the converging beam, two equally bright first orders, each flanking 
the central image, were formed in the focal plane. A Schott filter, OG 5, was used in con- 
junction with the replica to eliminate the second-order visual energy from the first-order 
infrared. It was mounted in such a way that it could be placed in the light path at will. 

The spectrometer' has already been described. Certain minor changes were made in 
it in the interim between the Sproul and Amherst programs. The pitch of the screws 
used to move the slits was changed from 3} to 1 mm, and totally reflecting prisms were 
substituted for mirrors. 

Il. THE PHOTOELECTRIC CELL 

A Cs-O-Ag cell made by the Bell Telephone Laboratories in New York was used 
as the photo-sensitive element. The voltage across this cell was usually 93 volts, giv- 
ing a gas-amplification factor of nine. For observations of the very bright stars, 
this voltage was reduced. The cell has a dark current of 2X10~' amp. at go v. 
and room temperature. This dark current was reduced by cooling with dry ice to a 
value which was usually but a small fraction of the photocurrent caused by a star. Ina 
few cases in the warm summer months this current was comparable in size to that caused 
by some stars in unfavorable regions of the spectrum—for example, by a red star in blue 
light. These cases will be mentioned in the description of the tables showing the data. 
This cell is sensitive to an extensive spectral region, and slight changes in its color- 
response curve have been noted from time to time. No such change has been noted 
when the cell is cold. The magnitude of these changes is similar to those observed in the 


2 Pub. A.S.P., §2, 265, 1940. 
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Wire GRATING UsSep ,T SPROUL AND GRATING SPECTRA 


Phe frame of the grating is Duralumin reinforced by Duralumin channel. The brass wires 
are soldered at their extremities to threaded brass rods. Four threaded Duralumin cross-rods 
are visible in the print. The bolts protruding at the top are attached to one of the brass rods 
and make it possible to adjust the tension of the wires. The wires cover 80 per cent of the diam 
eter of the 24-inch lens 

\n enlargement of two exposures of 7 Cas taken with this grating is shown directly below it. 
The central image and the first- and third-order spectra on one side are visible for the longer ex 
posure. The plate was taken on December 1, 1937 when //8 and //a were very strong in emis- 
sion. The latter is at the end of each order 

\ similar enlargement of three exposures made with a Wood replica grating at Amherst on 
an Eastman 1-S plate is shown at the bottom. ‘Two of these are of a Per; and the third, which 
is trailed, is of Y Per. The //a emission line in the first order spectra of Y Per shows clearly, and 
the second order spectra are barely visible, on the original plate 

Phe high efficiency of the Wood replica, as compared with that of the wire grating, is evident 
from these prints 
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absorption of the earth’s atmosphere. The response of the photometer to repeated ob- 
servations of the same stars on several different nights does not vary in general more than 
5 per cent from the mean value. 


III. THE LINDEMANN ELECTROMETER 


The rate of charge of the anode of the cell was measured by means of a Lindemann 
electrometer. This instrument was carefully shielded and was used in conjunction with 
suitable potentiometers for the adjustment of the zero position of the needle and of the 
sensitivity of the instrument. The microscope was fitted with a 16-mm objective and an 
eyepiece scale having ro divisions per millimeter. The usual working sensitivity was 300 
scale divisions per volt or six times that cited for the Lindemann electrometer in the 
Yerkes’ photoelectric photometer under similar optical conditions. When the electrom- 
eter was not in motion, the drift of the zero point of the ungrounded needle was about 
one division in ten minutes. When the electrometer was mounted on a moving tele- 
scope, this drift was as much as five times as large at certain position angles. The photom- 
eter was set at such a position angle that the zero drift was in a direction opposite to 
that of the dark current. The latter was always the larger of the two. 


IV. THE STANDARD LAMP 


The same standard lamp as that used in connection with two other programs" 4 served 
to check the sensitivity of the photometer at frequent intervals and at different positions 
of the telescope. These readings were usually made at the beginning and at the end of 
the sequence of measures on each star. The change in sensitivity may be attributed 
mostly to changes in sensitivity of the Lindemann with tilt. It varied with the declina- 
tion of the star under observation and usually amounted to a few hundredths of a magni- 
tude per hour. 

It was assumed that the light from this lamp was constant in brightness, if the current 
passing through it did not change. The lamp was in series with a manganin resistance, 
and the “IR drop” across this resistance was balanced against the e.m.f. of an Eppley 
standard cell in series with a galvanometer. 


CALIBRATION OF THE APPARATUS 
I. DETERMINATION OF THE DISPERSION OF THE GRATINGS 


The average distance—wire plus space—for the Sproul grating was found to be 
0.5291 mm. The focal length of the objective (18787/mm) is 10,931 mm, giving a dis- 
persion of 484.1 A/mm at the visual focus. The actual dispersion was found to be 
483.5 A/mm from the measures of the positions of hydrogen emission lines on plates of 
y Cassiopeiae. This value was used in the determination of the wave length of the center 
of the slits. The dispersion of the Wood replica was also determined from measures of 
the positions of emission lines. It was found to be 498.8 A/mm. Enlarged prints of 
plates used to determine the dispersion of the gratings are shown in Plate VI. 

The wave length of the light passing through the center of each slit for the different 
settings of the spectrometer are given in Table 1. For the Sproul data allowance has been 
made for the fact that the dispersion changes with focal length. At Amherst both the 
Wood replica and the slits were moved as a unit, and consequently no such correction is 
necessary. However, small corrections have been applied to the Amherst wave lengths 
because light to the red of the Ha region passed through the glass color filter (Schott 
OG 5) before reaching the slits. At both observatories an effort was made to keep the 
slits in reasonably good focus for the spectral region under observation. The slits were 
1.00 mm wide for both the Amherst and the Sproul programs. 


3Ad. J., 745 203, 1931. ‘Ap. J., 88, 320, 1938. 
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II. DETERMINATION OF THE PITCH OF THE SCREWS IN THE SPECTROMETER 

The slits together with their reflecting prisms are moved in opposite directions by 
threads on the same rod. Two dies were used to form the half-millimeter threads used at 
Sproul. The pitch of one thread was found to be 0.9970 that of its counterpart. The 
largest difference in wave length of the centers of the two slits resulting from this dis- 
crepancy in pitch was 30A at 1 uw. The mean wave lengths of the centers of the two slits 
are given in Table 1. 

A rod having threads of 1.000-mm pitch was substituted at Amherst for that described 
above. Both threads were turned on the same lathe, and no measurable differences in 
pitch was found. 

TABLE 1 


FOCAL SETTINGS OF SLITS 


SPROUL AMHERST 
Wave Focal Wave Focal 
Length Setting Length Setting 
(x) (mm) (u) (mm) 
0.456 25 ©.450 16 
0.505 3 500 ° 
0.553 3 550 Oo 
©o.001. 3 6000 ce) 
0.049 3 050 eo) 
0.6906 12 701 10 
0.745 12 751 10 
0.794 12 Sol 1g 
0.840 25 851 19 
°.88Qq. 25 0.831 24 
0.935 35 
0.983 35 
I.032 35 


All measurements cited in the previous sections were made on measuring machines 
of high quality. Since, at each observatory, both the plates and the threads were meas- 
ured on the same machine, no error is made if the scale of the comparison screw is not 
that claimed by the manufacturer. All threads were tested for cumulative error. None 
of any consequence was found. The estimated uncertainty in the wave lengths shown in 
Table 1 is 0.001 at 0.500 w and 0.002 at 1.000 py. 


III. COLOR CURVES OF TWO OBJECTIVES 


The color-curves of both the Sproul and the Amherst refractors were determined from 
photographs of grating spectra of bright stars on plates of widely different color sensi- 
tivities. The distances at which the slits were set behind the visual foci for the different 
spectral regions under observation are given for both objectives in Table 1. Since the 
response of cell changed but a few hundredths of a magnitude with a change of 10 mm in 
the position of the slits relative to the objective, it seemed both unnecessary and im- 
practical to change the focus with every position of the slits. Any error caused by the 
fact that the slits were not exactly in focus would be a second-order effect. A more 
recent and more accurate determination of the color-curve of the Amherst objective 
indicates that the focal setting at 0.88 uw is 22 rather than 24 mm. No determination of 
the color-curve of either objective has been made beyond 0.94 u in the infrared. 
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IV. SCALE OF THE PHOTOMETER 


Two investigations’ 5 of the scale of the photometer have already been described. 
More recent tests have been made under the same conditions which obtain when obser- 
vations are in progress. The response due to a star for a given setting of the slits is 
measured first with one, and then with the other, slit covered. The total photocurrent 
obtained in this way is compared with that observed when both slits are open. The back- 
ground current, or that current which flows when no star is in the field, is measured for 
these same conditions at frequent intervals. No significant departure from a linear rela- 
tionship between current and light intensity has been found from measures with stars of 
widely different apparent magnitudes. These observations were usually made at 0.7 y, 
although enough were made in other spectral regions to convince me that the same re- 
sult holds elsewhere as well. With the exception of those cases already mentioned, in 
which the photocurrent was comparable with the background current, it appears that the 
scale is correct to 1 per cent. Such exceptional cases have not yet been thoroughly 
investigated by this method because they are very time consuming and have a relatively 
large accidental error of observation. 

When the fainter stars were under observation, care was always taken that the back- 
ground current was measured at frequent intervals over the same number of eyepiece 
divisions as was the photocurrent. This was time consuming but essential in order to 
prevent distortion in the scale and to reduce the accidental error. Usually the total back- 
ground current was ,') to } the photocurrent due to the star. 


THE OBSERVING PROGRAMS 


Forty-eight bright stars were placed on the Sproul, and 600n the Amherst program. 
Seven other stars of special interest were also observed. Forty-seven Sproul stars were 
included in the Amherst program to serve as an independent check on the Sproul re- 
sults. Owing to the fact that the Wood replica was not as efficient in the infrared as in 
the shorter wave lengths, it was impracticable to observe these stars farther to the red 
than 0.880 « at Amherst. This situation has since been rectified by the acquisition of 
another replica which is most effective at the longer wave lengths. It was planned to 
observe each star on three different nights at Sproul and on two different nights at Am- 
herst. Several conveniently located early-type stars were observed many times at both 
observatories in order that all observations might be more closely linked into a single 
network of magnitudes. 

The procedure at the telescope followed the same general pattern at both observa- 
tories. For the sake of convenience, let us first number the various positions of the slits 
1-13 at Sproul and 1-10 at Amherst. These numbers increase with increasing wave 
length and will hereafter be referred to as “‘regions.”’ The light from the standard lamp 
was first thrown on the cell and four or five readings were taken. The background current 
was then observed with the star out of the field. Then, with the star properly centered in 
the guiding eyepiece, readings were made at regions 1, 3, 5, 7, 9, II, 13, 12, 11, 10, 8, 6, 
4, 2, 3, at Sproul and regions 1, 3, 5, 7, 9, 10, 9, 8, 6, 4, 2, 3 at Amherst. In general, two 
readings were recorded for each region at Sproul and three at Amherst. Measures of the 
background current and the intensity of the standard lamp were then repeated. Aside 
from making the measures, the observer must record the hour angle at the beginning and 
end of the sequence, check and possibly adjust the current passing through the standard 
lamp, change the focus by the proper amounts at the proper times, and guide the tele- 
scope. This last duty was more important for the observations which lasted more than 
half a minute and was done during the observation by keeping the central image on the 
cross-wires of the guiding eyepiece. At Amherst the color filter OG 5 was swung into the 
light path for all regions beyond the fifth. Since no deflection of the electrometer oc- 


5 Tbid., 85, 146, 1937. 
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curred at positions 1 and 2 when this filter was in place, the sequence in which the read- 
ings were made was such that periods of forgetfulness never went unnoticed. For rela- 
tively faint objects the background current and the intensity of the standard lamp were 
observed more often than is indicated above. 


CORRECTIONS TO THE OBSERVATIONS 

The reciprocals of the stop-watch readings were first corrected for the background 
current, then converted to magnitudes, and corrected for the observed changes in sensj- 
tivity of the photometer. These magnitudes were then corrected for differential extinc- 
tion. Corrections to reduce the effective wave length of the observed magnitudes to the 
wave length at the center of the slits were next applied. And, finally, all magnitudes 
observed on each night in each spectral region were changed by a constant in order to fit 
them into a homogeneous system. 

I. DIFFERENTIAL EXTINCTION 

The Sproul Observatory is located eleven miles southwest of the city of Philadelphia 
in the suburban community of Swarthmore. Since clear weather is usually present when 
the wind is from a westerly quarter, very little difficulty from smoke is experienced Am- 
herst is much farther removed from industrial activity and the sky is much darker and 
more transparent. At Amherst I had practically full use of the telescope, while at Sproul 
my program awaited its natural turn. 

The extinction coefficient, or the loss of light at the zenith expressed in magnitudes, 
was determined in different spectral regions on several different nights at Sproul by suc- 
cessive observations of the same star at widely different altitudes. The quality of the 
night on which these coefficients were determined was considered to be average. The sec- 
ond, third, and fourth columns of Table 2 show, respectively, the mean coefficients, their 
probable errors, and the number of nights used in their determination. Abbot’s® values 
of the extinction at Washington and Mount Wilson from extensive solar observations 
are shown in the fifth and sixth columns. His values do not include additional extinction 
produced in certain regions by the presence of water-vapor bands. By far the most im- 
portant of these bands for the range of spectrum involved is the por band near 0.94 u. 
The extinction corrections for all stars observed at Sproul were found by multiplying 
the appropriate coefficients shown in the final column of Table 2 by (sec s—1). The 
coefficient 0.13 mag. was used for the last five regions in the infrared. 

The additional extinction due to the water-vapor band near 9.94 u was derived in 
the following manner: The response of the cell was plotted against wave length for each 
star, and a smooth curve was drawn through the points. The response at all spectral 
regions fitted well on the smooth curve for stars observed on the coldest nights. On 
warm nights the response at 0.94 uw was definitely below the curves drawn for the same 
stars. The size of this drop in the observed response was used to estimate the extinction 
in this region in excess of that in adjacent regions. This excess expressed in magni- 
tudes was determined from readings on each star and was plotted against the length of 
air path or sec z. A separate plot was made for each night. The slope of the best straight 
line through the points was used as an additional extinction coefficient in reducing the 
observed magnitudes at 0.94 uw to the zenith. The largest coefficient found in this manner 
was 0.40 mag. on June 11, 1937. The average value was near 0.12 mag. 

Extinction coefficients were determined at Amherst on six different nights. The trans- 
parency was considered excellent on four of these nights, good and poor on each of the 
others. The mean of the observed coefficients for the four nights, together with its prob- 
able error, is given in the eighth and ninth columns of Table 2. Those found on the good 
and poor nights are shown in the tenth and twelfth columns. 
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Before applying any extinction corrections to the Amherst magnitudes, the nights 
were divided into three different categories according to eye estimates of the trans- 
parency entered in the observing books. Eleven were called excellent, seventeen good, 
and nine poor. The coefficients used for each classification in correcting the observations 
are shown in the eighth, eleventh, and thirteenth columns of the table. Three tables 
were formed showing the correction in magnitudes as a function of (sec z—1) for each 
spectral region, in order to facilitate the reductions. The table used for all Sproul obser- 
vations was used for observations made on the poor nights at Amherst. 

The coefficients shown in Table 2 are comparable to those found by Wempe?’ in the 
shorter wave lengths and smaller than those found by Hoff* in the red and infrared. 


TABLE 2 


EXTINCTION COEFFICIENTS 
SPROUL ABBOT AMHERST 


Ob- Adopt-| Ob- | Adopt- 





A(u Mean p.e n Wash Mt. W A(u) Mean p.e. saieeill, alates 
0.45 9748 | o™06 9 o™48 o™24 0.45 0288; o016.0™408, 0™35'0™466) 045 
O.s!I 38 17 50 208 O15) .287 27| .366) .33 
0.55 24 O04 12 33 14 55 170 006, .250 22; .254) .20 
0.60 30 13 60 162 009) .230 18} .265 24 
0.65 19 02 14 65 107 007} .135| .16) .176] .19 
0.70 19 07 70 og! OII| .O51 33) .309) =.37 
0.74 173 O15 | 14 75 078 o14| .068) .12| .147 .16 
0.79 16 04 50 064 000; .113 IO} .142 .14 
o 84 137 O12 | 16 85 046 003) .038 08) .109 13 
0.89 13 03 0.88 0.052, 0.0100.013 0.070.062) 0.13 
0.04 Var ee 
0.98 O51) 0.03 Date Sept.17and | Mar. 28, Sept. 15, 
1.03 0.10 | 0.04 8 18, 1939 1940 | 1939 

Feb. 22 and 
Alt go meters 10 1750 26, 1940 
meters meters Sky Excellent Good Poor 
Alt. 110 meters 110 meters; 110 meters 


It is evident from an inspection of the data in Table 2 that it is difficult to determine 
the extinction coefficients accurately on nights of inferior quality. Most observations 
were made when the stars were within two hours of the meridian. With the exception of 
those made in the blue and of observations of southern stars, the corrections for differen- 
tial extinction rarely exceeded 0.10 mag. 


II. SLIT CORRECTIONS 

Since the response of the cell varies with wave length for all stars, the wave length 
which equally divides the effective energy passing through the slits does not usually cor- 
respond to the wave length of their centers. The corrections, in magnitudes, necessary 
to correct the observations for this discrepancy, will be called ‘‘slit corrections.” In most 
cases they were found to be small or negligible. 

Let the x-axis represent the wave length and the y-axis the response of the cell for a 
given star. Consider the correction to be applied at a position of the slits corresponding 
to x,. Let x, be the wave length when the slits are moved one-half their width toward 
the spectral region where the response is less, and let x, be their position when moved a 


LS: f. AD:;:3s 19%; 1032. ® Zs. f. Ap., 18, 178, 1930. 
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similar amount in the opposite direction. Let y,, y., and y; represent the response of the 
photometer, derived from a smoothed curve through the observed values, at positions 
X1, %2, and x;, respectively. If we connect the points x,, y, and x2, y. and the points 
x2, y2 and x;, y; by straight lines and assume that the areas between these lines and the 
smoothed curve are equal, the correction in wave length is 


sa 8 : 
452 


where A) is equivalent to half the width of the slit. The change in cell response cor- 
responding to the computed correction in wave length is read from the smoothed curve 
and, when converted to magnitudes, represents the slit correction at x,. Since the ob- 
served value was always larger than that obtained if the effective wave length were at 


TABLE 3 


OBSERVED MAGNITUDES OF VEGA AND SLIT CORRECTIONS 


(The unit is 0.01 mag.) 


SPROUL AMHERST 
: a B a B ; Z a B a 8 
A(m) Vega Vega ae Dar | Cnse Bow} See A(p) Vega Vega wae Nay oe ee rl 
0.456 + 1 ° ° ° 2 q ) 32 ©.450 +27 I I 7.1 43.1 30] 22 
0.505 + 10 fe) ° I I 3 8 500 — 5 1 I I 3 5 6 
0.553 + 2 ° fe) I 2 3 5 550 —=—¥5 ° fe) I 3 4 4 
0.601 — 15 ° ° I 2 2 3 600 —3I ° ° I 2 2 5 
°.649 — 25 ° fe) I I I 4 650 — 39 fo) fe) ° I I 3 
0.696 — 40 fe) fe) ° ° ° 2 701 —3I fe) ° fe) ° ° 2 
0.745 — 34 ° ° ° ° ° I 751 —12 ° ° fe) fe) ° I 
0.794 — 34 fe) ° fe) fe) fe) C Sol fe) ° fe) ° ° fe) ° 
o.840 — 20 fe) ° ° ° ° ° 8S5I +28 I I I ° ° ° 
°. 889 — 4 I I ° fe) ° ° o. 881 T45 I I I I fo) ° 
0.935 a 52 3 3 2 2 2 I 
0.953 + Od 2 2 2 2 2 2 
I.032 +169 16 20. TF! IO | 10 9 


the center of the slits, this correction is always positive when expressed in magnitudes. 
After these corrections were applied, the effective wave length at each position of the 
slits was identical for stars of different colors. 

Slit corrections, computed for each spectral region for stars of widely different spectral 
types, are shown in Table 3. Those used for stars for which no computations were made 
were derived on a basis of color. The second and tenth columns give the observed re- 
sponse of Vega in magnitudes. The zero point is arbitrary. The observed magnitudes of 
any other stars may be derived with the aid of Tables 3 and 7 or Table 8. Succeeding 
columns show the slit corrections for a number of representative stars including Vega. 

It is evident that the slit corrections of red stars for the regions of shortest wave length 
at Amherst and Sproul are large and therefore not as dependable as the others. The cor- 
rections at 0.935 u are also somewhat uncertain, due to the variability of the depth of 
the water-vapor band. 

Slight changes in the spectral sensitivity of the cell have already been discussed. 
Second-order effects produced in this way, or by changes in the relative extinction co- 
efficients, affect the slit corrections very little. Any errors of this nature which might 
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occur would be most in evidence at the regions of shortest and longest wave lengths at 
Sproul or in the region of shortest wave length at Amherst. 


III. REDUCTION OF THE OBSERVED MAGNITUDES TO A COMMON ZERO POINT 


The Sproul and Amherst data were independently reduced to thirteen and ten hetero- 
chromatic systems of magnitude, respectively. The method in each case was the same 
as that previously'’’4 used in the reduction of photoelectric observations of G- and 
K-type stars toa homogeneous system. 

The mean magnitudes of stars observed in common on several successive nights were 
used as the nucleus of these reductions. This same nucleus was used for all thirteen 
Sproul regions and, of course, a different one for all ten Amherst regions. Let us now con- 
fine our attention to one region observed at either observatory. The mean magnitudes 
were first derived without regard to systematic differences for a group of nights. A con- 
stant was then added to the observed magnitudes on each of these nights in order to 
eliminate systematic differences, and new means were formed for the stars not observed 
on all the nights included in the group. Constants were added to other nights on which 
some of these stars were observed, and new means were formed. This process was re- 
peated until all observations were included. 

Tables were constructed for each spectral region to facilitate this reduction. The argu- 
ments were the date of observation and the list of stars observed on more than one night. 
The preliminary mean magnitudes were placed in the margin and the residuals entered 
in the tables. The problem is then reduced to changing these means and the night con- 
stants in such a way that the mean of the residuals in each column and row is zero. For 
most of the regions observed at Sproul at least four and usually five approximations were 
made. For the Amherst magnitudes three or four approximations were sufficient. 

The average residual for regions 2-12 at Sproul and for regions 2-10 at Amherst are 
shown for each star and each date in Table 4 and 5. These tables show the dates of 
observation of each star and the residuals indicate the accuracy with which the zero 
point of the magnitudes of each star is determined. 

After the Sproul magnitudes had been completely reduced, it was apparent that the 
last 2 stars observed before clouds caused suspension of the observations, on September 
1, 1938, were systematically faint. Also the observations of one poor night on which only 
2 stars were observed gave definite indications of variable transparency. Furthermore, 
there were two very large residuals, one at scale 1 and the other at scale 13. The sequence 
of magnitudes pertaining to the 4 stars mentioned above, together with the two large 
residuals, were then rejected, and an entirely new reduction was made. In similar fashion 
it was found advisable to make a second reduction of the Amherst magnitudes omitting 
six sequences of magnitudes instead of four. 

A system of weighting the nights in these reductions according to the number of stars 
observed was considered and was actually tried for one Sproul region. The average 
change in the mean magnitude caused by the introduction of a stringent system of 
weighting was 0.008 mag. The mean magnitude of 1 star was changed by 0.03 mag., of 
6 stars by 0.02 mag., and of 25 stars by 0.01 mag., while that of 16 stars was not changed 
at all. Since there are several compensatory factors which tend to make an extensive 
series of observations less accurate than a short series, it is doubtful whether the results 
could be improved by a rigorous system of weighting. 


ACCURACY OF THE OBSERVATIONS 


The probable error of the zero point of each sequence of measures on each star may 
he found from the residuals shown in Tables 4 and 5. These residuals indicate the error 
affecting all regions alike. They might be caused by errors in the measurement of the 
standard lamp, by changes in transparency, or, perhaps, by variability of the star itself. 
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RESIDUALS FROM THE MEAN MAGNITUDES, AMHERST DATA 
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The probable error of the zero point of one sequence of measures on one star was found 
by using the residuals shown in Tables 4 and 5 and the formula 


— 
p.e. = 0.674 = 


un 


n—-u’ 


where x is the total number of residuals and uw is the number of stars. The probable 
error of the zero point of one sequence is 0.020 mag. and 0.016 mag. for the Sproul and 
Amherst data, respectively. 

The probable error of one observation at each region is made up of the error peculiar 
to this region and the zero error evaluated above. It was computed in a similar manner 
from the residuals of each spectral region. These errors together with the weights of the 
observations at different regions are shown in Table 6. 


TABLE 6 
PROBABLE ERRORS OF A SINGLE OBSERVATION 


(The unit of magnitude is 0.001 mag.) 


A(u) ©.456'0.505 0.553.0.601'0.649 0.6960.745 0.794/0.840 0. 889/0.935 0.983 1.032 
Sproul. ..| ;p.e. 56 34 31 27 28 24 26 23 24 26 29 34 67 
Weight |o.2 [0.5 |0.6 |0.8 |0.7 |1.0 |o.9 |1.1 |1.0 |0.9 |0.7 |0.5 |o.1 
d(x) ©.450,0.5000.550/0.60010.0500.701 0.751 0.501,0.851 0.551 
Amherst..| < p.e. 31 25 19 20 20 19 21 20 20 22 


‘Weight jo.6 jo.9 |1.6 {1.4 |1.4 [1.6 |1.3 |I.4 [1.4 |1.2 


It is evident that the Sproul magnitudes at the ends of the sequence have low weight. 
The Amherst magnitudes at region 1 should also be given low weight, mainly because of 
uncertainty in the evaluation of the slit correction. 

Twice as many readings were made at Sproul regions 3 and 11 and at Amherst regions 
3 and g asat the other regions. Although these proved to be a valuable check on changes 
when the measures on 1 star were in progress, they evidently added little or nothing to 
the final accuracy. The advantage of making three instead of two readings per region 
and of working on clearer nights is evident from a comparison of the Amherst and Sproul 
errors. 

The probable errors given in Table 6 contain the error in the zero points of the se- 
quence of measures on each star previously described. If we are not interested in the 
errors in the zero points and wish to compare the colors of stars, the error of one observa- 
tion at, say, Sproul region 4, is given by 


€e= V 27? — 20° or e= 18 


e= V 20? — 10? or ’ at 2 


Therefore, if Amherst and Sproul magnitudes for each star are adjusted to the same 
zero point by the addition of a constant, the magnitudes in this region should exhibit 
° / ° 
a probable difference of V 18? + 127, or 0.022 mag. provided each star was observed on 
but one night. Most stars were observed on three nights at Sproul and on two nights at 
Amherst. The probable difference for these stars should be 0.014 mag. 
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THE DATA 


The mean magnitude at each spectral region of the g Ao stars common to both pro- 
grams was first used as the zero point for the magnitudes for each region. These zero 
points then were reduced to that of the Harvard Revised Photometry by adding 1.93 
mag. (the mean visual magnitude of the 9 Ao stars) to all Sproul magnitudes and 1.90 
mag. to all Amherst magnitudes. As a result the final magnitudes given in Tables 7 
and 8 are expressed in a system similar to that established by international agreement. 
The numbers immediately below the effective wave lengths, given at the heads of the 
columns, are the weights shown in Table 6. The magnitudes are expressed in units of 
o.o1 mag. The columns signified by N show the number of nights on which the star 
was observed. 

Some of the magnitudes should be given less weight than the others determined in 
the same spectral region. Such magnitudes are those in which the observed photoelectric 
current was equal to or less than the total background current. For the Sproul magni- 
tudes this was generally true for those exceeding 3.00 mag. for regions 1, 2, or 3; and 
those exceeding 2.50, 2.20, and 1.30 mag. for regions 11, 12, and 13, respectively. For 
the same reason all Amherst magnitudes exceeding 3.50 mag. at region 1 should be given 
less weight. 

There are several visual binaries in each table. if the separation of the components 
was less than 24’ when observed at Sproul or less than 36” when observed at Amherst, 
the composite magnitudes were determined. 

The eclipsing variables 8 Aur and a CrB were always observed at maximum light. 
The dates of observation of ali but those stars not on the regular observing program, 
given at the end of each table, may be obtained from Tables 4 and 5. Betelgeuse was 
observed at Sproul on September 30, 1937, and March 28, 1938, and at Amherst on 
October 31, 1938, and November 3, 1939. The mean of the magnitudes determined at 
each observatory is shown in the tables. The average magnitude for the two nights at 
which observations were made at Sproul was the same, while at Amherst Betelgeuse 
appeared to be about 0.20 mag. brighter on the second of the two nights. 


COMPARISON OF THE DATA 


The Amherst data will be compared with the Sproul data and then with those obtained 
by others using different methods. A comparison of the data in Tables 7 and 8 is made 
for two groups of stars: those whose magnitudes change little, if at all, with wave 
length and those whose magnitudes change most rapidly with wave length. The results 
of these two comparisons are shown in Table g. 

Eleven stars arranged in order of increasing color are in each group. For the first 
group the straight differences in magnitude between corresponding wave lengths were 
derived for each star. The mean of these differences is given in the final column, and the 
residual differences computed from this mean are in the other columns. 

The zero differences shown in the last column for the second group were derived in the 
following manner. Allowance had to be made for the differences in the effective wave 
lengths for these red stars. The Amherst and Sproul magnitudes were plotted against 
the reciprocal of the wave length, and a smooth curve was drawn through the data. The 
amount by which the difference in magnitude (Amherst — Sproul) should be corrected at 
corresponding spectral regions, because of differences in effective wave length, was found 
for each star. Corrected differences were then obtained. The zero difference for each 
star, given in the final column, was derived after omitting regions 1, 2, and 8. This was 
done because the reciprocals of the wave lengths for the regions 3, 4, 5, 6, 7,9, lo average 
about the same at both observatories and the weights of regions 1 and 2 are low. The 
residual differences are shown in the remaining columns. 
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TABLE 7 


OBSERVED AM IN UNITS OF 0.01 MAG. RELATIVE TO Ao STARS +1.93 MAG., SPROUL DATA 


(yz) AND WEIGHT 


STAR PGC | 
0.456 | 0.505 | 0.553 | 0.601 | 0.649 | 0.696 | 0.745 | 0.794 | 0-840 | 0 889 | 0.935 | 0.983 | 1.032] , 
| } 0.2 0.5 } 0.0 0.8 0.7 1.0 0.9 Pe 1.0 0.9 0.7 0.5 O.I N 

a And 10] 204 | 206 | 214 212| 217| 215| 223] 221) 223) 229| 232) 235; 240) 3 
B Cas 12] 259 | 239 | 220 213, 205) 198; 189} 185 181) 183) 151 181; 183) 4 
6 And 259} 330 | 268 | 203 162 1260 98 57 34 22 zi—  Qi— 22\— 30) 2 
6 Ari 428] 292 | 286 | 283 ays! gb] “27% 208} 261 264; 261 268} 257) 266) 2 
a Per 772| 218 193 177 100 149 135 130 120 I17 111 100 103 100} 8 
¢ Per.. 894) 300 | 293 | 285 283} 277| 277) 272] 268 262} 269) 272 272) 273| 2 
a Tau [O77] 231 | 057 g2 52 10/— 14/— 45|/— 69\— 80)/—102;—105|—110)—139] 2 
e Aur 1187} 346 | 318 | 297 277| 261] 251; 240} 229] 217| 207) 206) 1094 168) 4 
@ Aur... 1246) 81 38 10 |— 15/— 30/— 47 571— 71I— 75|— 81\— 86|— 80)—103] 2 
B Ori 1250) 28 25 30 20 25 28 30 23 260 25 30 35 34| 2 
6B Tau 1304 161 | 167 | 170 1731 174) #177) +178} 179) 181; 184; 185) 157) 193) 13 
+ Gem 1690} 202 | 202 | 201 198; 197; 199 197; 198 194, 193 16 191} 185) 7 
a Gem 1979} 175 168 105 103 160 162 163 1603 161 155 155 157 15d} 3 
a CMi 2008} 82] 62 45 30 2 11 Ce 11— 8i— 4i\— gl— 10/— 22] 3 
8 Gem 2031; 204 | 156 | 119 89 69 54 40 25 17 9 si—-  2\— 16] 3 
a Hya 2533| 317 | 260 | 204 168} 133) 113 g! 72 59 47 40 27 9] 3 
a Leo 2698} 136 | 140 | 143 144] 146) 149) 150) 153} 152} 150) 153) 154) 157) 9 
B UMa 2930} 244 | 237 | 240 2390| 236] 232] 237) 237] 240} 240) 245) 238) 251) 3 
a UMa 2933| 261 | 217 | 179 153, 128 109 93 79 73 62 62 48 30} 3 
5 Leo 2972) 200 205 201 252 252 249 245 245 244 245 242 245 233) 2 
p Leo 3101} 226 22: 219 et7 214 213 211 209 209 209 205 204 1938) 12 
y UMa 3117| 248 | 254 | 250 250} 248, 2491 244) 246) 246) 244) 241| 236) 237) 3 
y Vir 3307| 321 | 293 | 285 273, 260} 255] 245] 242) 233} 238) 237; 232) 221) 4 
e UMa 3363] 175 | 179 | 175 | 177] 176} 179) 177] +4179) 177) 175) 4179) 4162) 170) 4 
e Vir 3383) 362 | 318 | 284 263| 240! 229) 212| 199, 193) 187) 186 183) 51) 5 
a Vir 3476| 100 | 102 | I12 122} 118) 126, 130) 134) +134) =‘I41 149) 156) 129) 3 
n UMa 3566) 181 | 185 | 188 193} 197| 199) 201} 206 207; 214) 214; 213) 214) 3 
n Boo. . 3590) 314 295 270 254 235 230 210 21! 200 202 199 201 Igo 3 
a Boo 3662) 107 53 A 1— 420— §7)\— + S3/— gg] — 118, — 125) — 143 E44\—~150\— 178i 4 
+ Boo. . 27991 STO) | 303" | 302 301; 284! 292) 286) 287) 279) 287; 270, 275) 271) 3 
B UMi 3809] 318 | 250 | 194 161; 124) 103 74 58 47 34 28 24\— 10] 3 
a CrB 3961] 231 | 231 | 231 228) 228) 230) 228) 231} 230) 230) 220) 225) 220; 4 
a Ser 4001} 300 | 313 209 237 215 1Q4 131 162 154 141 142 130 110 3 
6 Oph 4134] 407 | 327 | 271 227| Ig0 162 124) 100 83 68 55 41 15} 3 
n Dra 4192] 330 | 300 | 2604 239} 215) 207} 185} 4177; 4164) 1605) 101 155| 140! 3 
6 Her. 4204] 356 | 314 | 273 256] 229) 227 206 195 182) 178 174 173) 146 3 
a Oph 4459} 224 | 218 210 207 202 201 194 194 IgI IgI 15Q 15Q 180 10 
B Oph 4487) 354 | 323 281 250 223 205 13Q 172 103 152 149 143 124| 3 
7 Dra... 4541) 337 270 | 25S 15! 14! 119 39 7O 57 40 34 1d Oo 3 
a Lyr 4722) II Il II 9 15 10 II 7 9 10 9 4 Ir) 5 
y Aql 5047| 407 | 322 | 271 230} 199 175° 4155, 135 4124 400, 102 Q2 74| 3 
a Aql 5062| 101 88 78 73 69 65 61 54 54 54 52 54 45| 4 

Cyg 5229] 277 | 240 | 221 198 180 170 166° 1560 149 145 140 131 E231: 3 

Cyg 5320] 137 | 231 | 127 123} 120) 119} I1I4} I12 107| 102) 103 99 104 4 

Cyg 5336] 330 | 283 | 244 217, 192 177| 159 146 134 134 127, 115 101 3 
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SPECTROPHOTOMETRY OF BRIGHT STARS 
TABLE 7—Continued 


A(u) AND WEIGHT 





STAR PGC 
0.4560 0.505 0.553 0.601 0.649 0.696 0.745 0.794) 0.840) 0.889 0.935 | 0.983 | 1.032 Vv 
0.2 0.5 0.6 0.8 0.7 1.0 0.9 r.1 1.0 0.9 0.7 0.5 O.r | 

« Peg 5584; 385 | 2909 | 245 293} 168} 148) 127; 108 99 85 81 71 40| 3 
B Peg 5940 395 311 | 240 212; iso 110 62 30 Oi Tf 4h a 37 3 
a Peg 5944, 245 | 253 | 251 259, 252, 258 258 258 256 259) 257; 270); 267) 2 
a UMi 325| 245 | 214 | 200 183, 175) 161| 143| 139) 133| 134] 136] 132) 4I4t] 1 
a Ari 477| 285 | 239 | 197 167 “ol Nal, BF gl 86 75 66 54 40} I 
y Ori 1303} 157 | 163 | 175 180 182, 185) 194 4196 Ig! 200; 212) 211 227| I 
¢ Ori 1370} 162 | 170 | 183 178 181 190 188) 189) 190; 195} 200} 205) 170) I 
¢ Ori 1398; 188 | 185 | 197 201 202) 202) 204) I99| 211 218} 224) 226 228) 1 
a Ori 1468 230 | 139 69 25 — 27 — 67,—128 —157 —176|—206 —216|/—223/—251} 2 
« Leo 2618 366 | 315 | 295 267; 261; 242/ 235) 220! 21 208, 200) 189 189) I 
e Boo 3971) 327 | 250'| 241 219) 193) 174 I61 142 32} 124) 4129) 120 95 I 


It is evident from inspection of the first group that large systematic differences exist 
in the case of 8 Ori despite the fact that the zero difference is not unduly large. The dis- 
cordances exhibited by this star are more prominent than those of any of the 47 stars 
observed in common. If 8 Ori is omitted from the group, there is no evidence of a 
systematic trend with wave length. This is not surprising since this group is largely 
made up of g Ao stars used in determining the zero points of the magnitudes in Tables 
7 and 8. 

In the second group the large systematic and accidental differences in the blue at 
region 1 are outstanding. For several of these stars the observed photocurrent was com- 
parable in size to the background current and the slit corrections were large. The differ- 
ence in effective wave lengths is also sufficiently great to make the comparison of the two 
sets of data in the blue difficult. It is apparent that the magnitudes at region 1 should be 
given even less weight for the red stars than that indicated by the errors shown in Table 6. 

If we disregard this region, a systematic trend with wave length amounting to about 
0.03 mag. in a range of 0.350 uw still exists. These stars were the most difficult to observe 
with high accuracy. With these facts in mind, the agreement appears to be satisfactory. 

The probable difference computed from all residuals in the first group is 0.020 mag. 
It is 0.023 mag. for the second group when region 1 is omitted. This figure is to be com- 
pared with the value 0.014 mag. predicted from the internal agreement of each set of data 
at region 4. The average difference in the zero points as derived from the final column 
is 0.029 mag. for the first group and 0.074 mag. for the second group. It seems probable 
that BUMi is variable. The next largest difference in the zero point for any star ob- 
served in common (0.14 mag.) is exhibited by 6 Ari. The zero differences for all stars 
observed in common are shown in the last column of Table 8. These zero differences 
were computed by a method similar to that used above for finding the values in the final 
column of Table 9 for the second group of stars. They are the average difference in 
magnitude between corresponding values in Tables 7 and 8 for regions 3, 4, 5, 6, 7, 9, 
and to. 

If all stars observed in common at the two observatories are arranged in four nearly 
equal groups in order of right ascension, the average difference in the zero points for the 
four groups (8 UMi omitted) are —o0.009, —0.024, +0.018, and +0.003 mag., respec- 
tively. The average difference for all these stars is 0.042 mag., and the probable differ- 
ence 1S 0.035 mag. 
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TABLE 8 
OBSERVED AM, IN UNITS OF 0.01 MAG., RELATIVE TO Ao STARS + 1.90 MAG., AMHERST DATA 


| 
| A\(u) AND WEIGHT 





STAR PGC | 
0.459] 0.500 | O §50/ 0.000} 0.050} 0.701 | 0.751 | 0.801 | 0.851 | 0.881 N AM 
0.6 |0.9 1.6 ae | 1.4 1.6 t.2 oe 1.4 1.2 . Amh.—Spr.) 

@ARG..... IO | 197 | 202 | 205 207| 207; 211} 212) 211] 216) 217) 6 — 8 
B Cas 12 | 260 | 246 | 232 219} 209) 202) 197} 190) 188) 186) 2 + s 
v Peg 27 | 268 | 279 | 285 2904} 293) 207; 302) 302) 304) 311) 2 
68 And 259 | 354 | 276 | 206 163) 121 86 50 27 9 o| 2 - ¢ 
8 Ari 428 | 277 | 272 | 266 265} 261] 256) 254) 251; 249! 251] 2 14 
a Ari 477 | 306 | 247 | 203 170} 139] 121} 102 88 76 68} 3 

a Cet 691 | 407 | 326 | 256 218} 170) 137 82 60 38 9} 2 

a Per 772 | 231 | 204 | 186 168) 155) 143) 135} 125] 121] 117) 10 + 6 
¢ Per 894 | 309 | 298 | 201 287; 281] 273 269) 264; 266) 266) 2 — 
afau.... 1077 | 248 | 172 | 109 63 23;— 8 — 4go;\— 65;'— 84'— 94) 2 + 8 
a Aur 1246 86 44 — 7— 30/\— 47/-— soi— 74i— 81'— 82) 3 + 1 
6 Ori 1250 38 37 37 29 30 29 25 2 oxi 2 + 2 
y Ori 1303 | 157 | 164 178] 179| 178 190} 193) 197; 202) 2 

B Tau... 1304 | 166 | 168 | 171 173 73| 176) 178! 177) 180! 179) 9 I 
e Ori 1370 | 164 | 174 | 179 182} 180} 184 188) 180! 193) 108 2 

¢ Ori 1398 | 169 180 | 185 IQ! 186 192 198} 200) 203 207} 2 

8 Aur 1478 190 197 Ig2 194 IQ! 15Q Igo 157 Igo 159 2 

6 Aur 1482 263 265 266 265 267 263 2608 266 = 260 266 2 

y Gem 1690 | 198 | 198 | 196 195} 194] 194) 192} I90| 187, 187, 1 5 
a Gem : 1979 | 165 162 | 160 159} 159] 159] 156) 156] 156] tr55 2 z 
a CMi 2008 86 65 47 31 18 7 1l— 10/— 12 12} 2 3 
6 Gem 2641 | 210 | 15r | 128 89 63 47 31 15 7 o| 2 6 
a Hya 2533 | 335 | 263 | 204 162} 132} 106 84 65 52 42} 2 5 
a Leo 2608 | 143 | 143 | 146 147} 147] 150} 149] 151] 152] 152] 6 + 1 
6B UMa 2930 | 235 | 232 | 233 233) 23. 236) 233) 240) 236) 240) 2 3 
a UMa.. 2933 | 276 | 217 | 178 149} 125] 109 88 79 67 59} 2 3 
6 Leo 2972 | 275 | 268 | 262 258} 258) 251] 250| 247] 247| 247) 2 + 3 
B Leo 3101 | 228 | 225 | 218 214; 213] 210) 209! 206) 206 206 4 

y UMa 3117 | 245 | 247 | 244 | 243] 243! 244! 242) 242! 243) 242| 2 t 
y Vir 3307 | 312 | 295 | 279 268} 257; 248] 241; 233) 220) 231] 2 5 
e UMa 3363 | 181 | 181 | 180 178} 179} 180! 180) 177) 179) 178) 3 + 3 
e Vir 3383 | 376 | 322 | 204 264] 244] 227) 216) 198) 192; 186) - 2 + 2 
a Vir 3476 94 | 105 | I10 IIS} 112} 123) 4127] +4127) #132) 134) 2 4 
n UMa 3566 | 182 | 191 | 106 198] 199} 206) 209) 210) 214) 217) 3 7 6 
n Boo 3590 | 327 295 273 254 237 2265 215 207 202 201; 12 ie) 
a Boo 3662 | 122 54 4/— 36/— 65|— 87|/—110/—130|/—145|—152| 2 8 
+ Boo 3722 | 327 | 318 | 308 300 205 290 285 281 278 275 ” 4 ) 
B UMi 3809 | 351 | 283 | 222 180 125 98 80) 61 54] 2 +(21) 
a CrB 3961 | 232 | 230 | 229 229} 228} 228] 228) 226) 228) 227) 7 I 
a Ser 4001 | 370 | 317 | 271 238} 214] 197) 180} 163) 154) 148 2 + 2 
6 Oph 4134 | 444 | 360! 201 244} 202} 173) 4131 100 gI 78) 2 + 12 
n Dra.. ; 4192 357 313 278 253 227 214 199 155 150 176 2 Trg 
8 Her 4204 | 369 | 317 | 282 252} 228] 216) 199] 190) 181| 177| 2 2 
¢ Her 4240 | 345 | 313 | 284 263} 246) 234) 223) 210) 206) 207] 3 

a Oph 4459 | 225 | 219 | 213 208] 203} 201| 197} 193) 193! 194) 5 7 2 
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TABLE 8—Continued 


A(u) AND WEIGHT 





STAR PGC | | 

©.450 | 0.500] 0.550/ 0.600] 0.650! 0.701 | 0.751 | 0.801 | 0.851 | 0.881 | Nn AM 

0.6 |0.9 | 1.6 L.4 1.4 1.6 ‘3 1.4 [1.4 [1.2 | 7 (Amh.—Spr.) 
BOph......| 4487 396} 326) 281] 248! 219) 203) 185] 167] 160 154| 2 — 9 
y Dra.. 4541 304| 294) 224) 4181) 145) 122 gI 79 57| sa 2 + 3 
a Lyr 4722 6 6 9 8 10 7 9 6} | 8] 5 — 2 
¢ Aql 4858 306, 304) 300) 302) 299 300, 300 296) 300) 293) 3 |........... 
y Aq| 5047 4II| 342} 280) 240) 205; 184) 155 140) 125} 118) 2 | + 7 

iw ie Oot 
§ Cyg 5048 298} 301] 298} 298] 2097] 30%] 300) 209) 3297) 302] 2 |........... 
a Aq| 5062 104, 103) 88 8&1 71 72} 62) 60! 57; 57| 2 + 5 
vy Cyg 5229 282; 246; 221; 201; 184) 171 160, 152! 146) 143} 3 — 
a Cyg 5320 154 143 136) 131 126} 124) 122) 117] IIT) IIO} 3 + 7 
e Cyg 5330 331 234) 246) 211 I9g0| 172 158; 144] 140} 132| 2 — Ff 
| | 

a Cep 5480 263) 264; 258) 247) 240) 234) 232) 228) 223) 407) feck ccdaciw. 
e Peg 5584 | 370! 294| 237| 1098} 160) 140! 117| 102| 86 78| 5 — 8 
a Aqr 5676 388} 333] 207) 268) 248) 230) 2160} 208} 98) Yow) 2 fe. .cs.s~ses 
B Peg 5940 | 304) 312) 253) 213] 159) I15 53 25 ai— oh 3 ed 
a Peg 5944 251] 249} 251; 256) 252} 252) 255) 260) 254] 253] 3 — 3 
a Ori 1408 206 152 80 i— sa— JS = 355 — Oe 1 See bees ee 
e Gem r7t7 410} 344) 299} 260) 234) 209) 197} 185| 174) 163] 1 |........... 
§@ UMa 2552 354) 341] 395] 303) 286] 263) 250] 250); 253] 253) © [.-.s.cscue- 
e Leo 2018 372| 322 290 271 250, 230) 225) 215 210; 205 Vn Peer eee ec 


Kienle, Strassl, and Wempe? have published a paper entitled ‘‘Die relative Energie- 
verteilung im kontinuierlichen Spectrum von 36 Fundamentalsternen.”’ I have observed 
28 of their stars which are not variables. Their final magnitudes were derived from 
measures of the peaks of microphotometer tracings of grating spectra. Since these 
measures in most cases extend as far to the red as 0.680 uw, their data and mine have a 
considerable spectral range in common. 

The zero point of their magnitudes is that of the mean magnitudes of a set of Ao stars. 
The Amherst and Gottingen magnitudes are plotted against the reciprocal of the wave 
length in Figure 1. A constant has been added to all Amherst magnitudes of each star 
in order to bring the two sets of data into systematic agreement. For the stars on the 
right side of the diagram the first two points have been given low weight in this system- 
atic adjustment. 

In view of the fact that the method of determining the magnitudes shown in Figure 1 
was radically different for the two sets of data, the agreement appears satisfactory. An 
exceptional case isa And. The Amherst data indicate that this star is unusually blue for 
its spectral type, while the Gottingen data indicate that its color corresponds more 
closely to that of its Ao spectrum. Accurate determinations”: " of the color of this star 
in different regions of the spectrum definitely favor the Amherst magnitudes. 

The Amherst magnitudes for regions 1 and 2 (the first two large circles at the left) 
average 0.06 mag. more than the Gottingen magnitudes for stars redder than Capella. 
This discrepancy at region 1 may be due to some uncertainty in the slit corrections ap- 
plied to the Amherst data. It is also quite possible that the Stillstand found by the 
Géttingen observers near the center of region 2 is real and that therefore no slit correc- 


Zs. f. Ap., 16, 201, 1938. 
10 Veroff. Berlin Babelsberg, 10, No. 3, 25, 1933. 1t Ap. J., 79, 164, 1934. 
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tion should have been applied to the Amherst magnitudes for region 2. If none were 
applied here, most of the systematic difference would disappear. This region will be 
observed later at Amherst in some detail, using a narrow slit. 

If the Sproul data were substituted for the Amherst magnitudes shown in Figure ; 
the systematic difference at region 1 would be 0.04 mag., but in the opposite sense. That 
at region 2 would be about half as large and in the same direction. The Sproul magni- 
tudes were plotted against the reciprocal of the wave length in a preliminary report of 
this work.? 

A comparison of the zero points of all stars common to the Amherst and Gottingen 
data is shown in Table 1o. A positive residual means that the star in question was ob- 


TABLE 9 


OBSERVED AM, AMHERST — SPROUL 


(The unit is 0.01 mag.) 


SPECTRAL REGION 


STAR ZERO 
CoRR 
I 2 3 4 5 6 7 8 9 10 

8 Tau +5 ' +1) +1 o|-1!/ -—!1 o| —1I | —1 | —5 fe) 
a Peg +8 —2 +2 —-1 2-4-1 | +4 o -4 — 2 
a Leo +5) +1/ +41; +1/ -1/} -1 | -3 (> -4 2 ro) + 2 
e UMa.. + 4 o|}| +3) —-1/} +1) —-1 |) +1 -4 o. +1 + 2 
B Ori +6\'>+8 | +2 7 o| —-2'>—-5 -—-2\'>-6 —8 + 4 
6B UMa —6 —2)>—-4! -3) +1 7 —1 |, +6 —-1) +3 — 3 
a Lyr —2)/— 2)! +1} +2/ -2 o!| +1 2 +3 +1 3 
a CrB + 2 o, —1 | +2) +1) —-1 |) +1 -4 > 1-2 — 1 
y UMa +1)/—- 3); -2/)—-3/-—-1| -!1 2 oj; +1) +2 —4 
+ Gem + 1 I o| +2 2 ° o| —-3/-—-2,|>—-!1 — 5 
a Gem —4 o| +1 +2 —-1) +3 -1/) -1 +1. O43 — 6 
8 Oph +8/—1]|-!1 o | —2 2 o| —2 2 | rs - 2 
a Boo +15 | +2| +3) +4 o +4), -2);-2 > -9 \ -—3 8 
a Hya. +16 | + 3) +3) —2/) —2/) +1 O41 |) Hr) or | -2 — 5 
e Peg —11|/—2/|—3 | +3 ° 2| —2/|+1/ -2 ° — 8 
y Aql —8|/ +4! —1| +3] —1 | +3/ -2 o| -3) +3| +7 
B UMi +7/\/+5 2); —2 | —1 | +1 {| +4 | +2) -4/ -2 +21 
y Dra +17 | + 8] +3] —3} +2 | +1 o| +7| -!1 o| +3 
a Tau +2/—2/) +5) +2/ +4 ° o| —1/| —-8| —2 + 8 
8 And 20.) §$ | +S | FS oe} 4 | +1 eo} | =1 — 5 
6 Oph +16 +11 +4! +2 o!| +1 —2\>-—-I —2 -—2 +12 
B Peg te ie tae Gee eee oie | ade ee Age ee =a 


served to be fainter at Amherst than at Gottingen. If 6 Umi is omitted from the discus- 
sion because of suspected variability, the average difference in magnitude is 0.032 mag. 
This is somewhat smaller than the value 0.042 mag. derived from a comparison of the 
Amherst and Sproul zero points. In Table 10 the stars are arranged in order of increasing 
color. There is no definite systematic trend of the differences when these stars are ar- 
ranged according to right ascension or according to magnitude. 

Hoff* recently has extended the work of Kienle, Strassl, and Wempe? to the infrared. 
He used two different series of infrared sensitive plates and compared 18 stars in the 
region extending from 0.600 u to 0.850 uw at Gottingen. Sixteen of these stars were also 
observed at Amherst. Their magnitudes relative to Vega are plotted against 1/) for 
the two sets of data in Figure 2. No systematic corrections have been applied. 

The agreement in slope is satisfactory for all stars. The differences in the zero points 
are shown in Table 11. The average difference is o.050 mag. for all stars and 0.032 mag. 
if the two large residuals are omitted. 











MAGNITUDE 
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Amherst and Gottingen magnitudes are plotted against the reciprocal of the wave length. 
The magnitudes of Kienle et a/. are represented by the small circles. A constant has been added to all 
Amherst magnitudes of each star in order to bring about systematic agreement between the two sets of 
data. The distance between the fiducial markers along the ordinate corresponds to 1.00 mag., and the 
diameter of the smaller circles is equivalent to o.10 mag. 
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TABLE 10 


(The unit is 0.01 mag.) 
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AVERAGE AM, AMHERST — GOTTINGEN 
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Fic. 2.—G6ttingen magnitudes determined by Hoff in the red and infrared are plotted, together with 
the Amherst magnitudes, against the reciprocal of the wave length. Hoff’s magnitudes are designed by 
the small circles. No systematic adjustment has been made between the two sets of data. The scale of 
the ordinate is half that in Figure 1. The distance between the fiducial markers is therefore 0.50 mag., 
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and the diameter of the smaller circles is equivalent to about 0.05 mag. 


TABLE 11 


AVERAGE AM, AMHERST — HOFF 


(The unit is o.o1 mag.) 


Star AM Star 
Ma +4 a Per 
au 2 vy Cyg 
JMa —4 a Aur 
yg +4 B Gem 
as —I a UMa 


AM 


+1 
—f6 
+2 
—2 


_— 4 





Star AM 
a Boo + 4 
8 UMi +(19) 
7 Dra + 3 
6 And — 4 
B Peg + 6 


a Tau 
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I have not been able to find any data in the literature of comparable accuracy to that 
of the Sproul magnitudes for the regions extending from 0.840 to 1.032 uw. In a few cases 
stars observed at Sproul have been also observed out to 1 w at Amherst. The agreement 
was quite satisfactory. 

The limiting magnitude to which one may carry such a program depends upon several 
factors. Stars of visual magnitude 3.5 may be observed with my present equipment 
mounted on the 18-inch refractor in twelve adjacent spectral regions 0.050 yu (500 A) in 
width. The accuracy attainable is comparable to that of the data presented in this 
paper. The time required to observe a star of this magnitude would depend upon its 
color and the size of the background currents. One and a quarter hours would probably 
be a good average. 

Arcturus could be measured in regions av eraging 7 A in width from 0.650 to 0.950 yu 
with the Amherst refractor. Consequently, regions considerably less than 1 A in width 
could be measured with a large reflector. The study of the line contours or line intensi- 
ties of some of the brightest stars is not beyond the realm of possibility. 

I believe that accurate spectrophotometry of bright stars may be carried on to good 
advantage with the direct aid of the photoelectric cell. This is particularly true when 
we are seeking the solution of such problems as those outlined in the introductory re- 
marks of this paper. 


It is a pleasure to acknowledge the valuable assistance rendered by John Delaplaine 
of Swarthmore College and Vincent Grainger, Lawton Meaker, and Otis Cary of Amherst 
College in the reduction of the observations. 


AMHERST COLLEGE OBSERVATORY 
March 1941 











THE CHARACTERISTIC VELOCITY-CURVES 
OF RV TAURI VARIABLES 


DEAN B. MCLAUGHLIN 


ABSTRACT 


The light variations of V Vulpeculae and R Sagittae during the interval covered by the Mount Wilson 
spectrographic observations are examined. A number of cycles showed various types of peculiarities, 
but for each star a long continuous series of normal cycles is available. When mean velocity-curves are 
determined from observations made during the normal behavior of the stars, there are very few dis- 
cordant velocities. The correlation of curves is similar to that found for AC Herculis and R Scuti. As 
far as is known, RV Tauri stars have velocity maximum shortly after the principal minimum of light 
and velocity minimum about one-quarter period earlier. 


A few years ago the writer’ completed a spectrographic study of R Scuti in which it 
was shown that, in spite of the great irregularities of the light and velocity changes, there 
were definite correlations between the light- and velocity-curves. As a general rule the 
range of velocity in any cycle was proportional to the range of magnitude. Velocity 
maximum normally followed the deep minimum of light by about one-tenth of a period, 
and the minimum of velocity occurred before the deep minimum of light. Thus, the 
curves were not mirror images of one another. A closely similar relationship is evident 
in the curves of AC Herculis.2? The star U Monocerotis, which was also observed by 
Sanford,’ behaves in a similar manner, though there is a tendency toward a Cepheid- 
like correlation, with maximum velocity close to minimum light, and vice versa. 

Two other stars observed by Sanford,+ V Vulpeculae and R Sagittae, showed consider- 
able scatter of the velocities, though for the former star a rough relationship of curves 
similar to that of AC Herculis was recognizable. But for R Sagittae the scatter was so 
great that no correlation was evident. The present paper is an attempt to determine to 
what extent the discordances might be related to irregularities of the light variations. 


V VULPECULAE 


Sanford’s observations of radial velocity are distributed as follows: two in 1919, 
five in 1922, ten in 1923, eight in 1924, four in 1925, and one in 1927. In view of the pos- 
sibility of long-period changes in the curves, the natural inclination would be to deter- 
mine a velocity-curve omitting the 1g1g and 1927 plates. A less arbitrary procedure, 
however, would be based on the complete examination of the light variations during the 
entire interval 1919-1927. 

A good series of observations by Beyer’ defines the light-curve from 1923 to 1929. 
Observations by Leiner’ give the light-curve for 1919 and 1922. All the seasons in which 
Sanford had radial-velocity measures are thus well observed for the light variations. 
From Beyer’s series it is evident that the variation was quite regular, without marked 
fluctuations of range or changes of form of the curve, from 1923 through 1925. The 
range of variation was approximately 8.4 to 9.6 mag., and the two maxima were not 
very unequal. A typical section of the curve is reproduced in the lower part of Figure 1 
Because this covers the interval during which most of the spectrographic observations 
were made and because of the distinct regularity of the variation, we shall consider this 


t Pub. Obs. U. Michigan, 7, 57, 1938. 4 Ibid., 79, 81, 1934. 
2 Sanford, A p. J., 73, 364, 1931. s Astron. Abhandlungen, 8, No. 3, 11, 1930. 
3 [bid., 77, 120, 1933. © A.N., 229, 27; 1926. 
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as the normal light-curve of the star. Averaging of velocities over this whole interval 
would be quite legitimate, and there could be no reason for the exclusion of an observa- 
tion on the basis of abnormality of the cycle in which it was made. 

Leiner’s observations in 1919 show that at that time also the variation of V Vulpeculae 
was normal as to range and form of the curve. In 1922, however, the curve was dis- 
tinctly altered, as is shown in the upper portion of Figure 1. The form departed some- 
what from the normal, and the range was much reduced. On these grounds we feel 
justified in excluding the radial velocities of that season from the determination of a 
mean curve. 

Beyer’s observations also show that an interchange of minima occurred in 1927 before 
the one radial-velocity observation was obtained. Interchanges of the velocity phases 
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Fic. 1.—Light-curves of V Vulpeculae in 1922 (abnormal), by Leiner, and in 1923 (normal), by 


Beyer. 


undoubtedly accompany those of the light minima (cf. R Scuti), and the 1927 velocity 
must therefore be omitted. 

There remain the observations of 1919 and 1923-1925, during which time the light 
variations were fairly regular. The reduction of all of these to one cycle yields the curve 
in Figure 2. The schematic light-curve is shown above the velocity plot. With but one 
exception, the most discordant velocities have been eliminated. The one remaining dis- 
crepant observation is of interest; it is designated “‘poor’’ by Sanford, but it was taken 
at the deepest light minimum of the entire series (JD 2424047), and some deviation from 
average behavior is to be expected. 


R SAGITTAE 


Sanford’s radial velocities of this star hardly reveal a correlation with the light-curve 
when all seasons are included. There is one observation in each of the years 1918, 1919, 
and 1922; three were obtained in 1923, two each in 1924 and 1925, seven in 1926, three 
in 1927, and eight in 1928. 

Observations by Beyer’ establish the light-curve from 1923 to 1929, and a series by 
Leiner’ is practically continuous from 1917 to 1922, inclusive. It is clear that the light 
variation was quite regular from 1923 through 1927, with no abnormal cycles. This 
interval includes the majority of the spectrographic observations. A typical section from 
this normal curve is shown in the upper part of Figure 3. 


7Op. cit., p. 9. 


8 4.N., 209, 87, 1919; 211, 399, 1920; 214, 265, 1921; 218, I9I, 1923. 
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The single radial-velocity observation in 1918 was made during a cycle that was 
nearly normal, but it was immediately preceded by at least two very abnormal cycles, 
during which the light varied more like that of a Cepheid with a period of half that of 
the RV Tauri curve. The observation in 1919 was made in a cycle when the range of 
magnitude was distinctly less than normal, and the one plate in 1922 was taken when 
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Fic. 2.—Mean velocity-curve of V Vulpeculae in normal cycles, from observations by Sanford. The 
schematic light-curve according to Beyer is shown above. 
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Fic. 3.—Light-curves of R Sagittae by Beyer, in 1926 (normal) and in 1928 (abnormal) 


the curve showed a peculiar form and the mean brightness was considerably below 
normal. 

The season of 1928 was one in which R Sagittae displayed its greatest departure 
(for the interval considered) from typical behavior. The form of the light-curve suffered 
a marked alteration, and the mean brightness dropped about 0.4 mag. below its usually 
almost constant normal value. This behavior is shown in the lower part of Figure 3, 
and there should be no hesitation about excluding the 1928 radial velocities from the 


averaging process. 
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We are left with the observations from 1923 to 1927, during which time no abnor- 
malities of light variation were noted. The resulting mean velocity-curve is shown in 
Figure 4, with the schematic light-curve (according to Beyer) above it. No highly dis- 
cordant velocities remain; they have all been eliminated with the abnormal light cycles. 
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Fic. 4..-Mean velocity-curve of R Sagittae in normal cycles, from observations by Sanford. The 
schematic light-curve according to Beyer is shown above. 
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Fic. 5.—Light-curve (Beyer) and velocities (Sanford) of R Sagittae during abnormal behavior in 
1928. 

Fic. 6.—Generalized light- and velocity-curves of an ideal RV Tauri variable. Curves of hydrogen 
absorption and emission intensity are shown at the bottom of the figure. 


It is of interest to examine the behavior of the velocities during the irregular behavior 
in 1928. Figure 5 displays the plot of velocities and of the light-curve. It is evident that, 
as far as the observations go, the approximate correlation of velocity maxima with light 
minima was still preserved. But the mean velocity changed from about +10 too km/sec, 
and the range was much reduced. 


DISCUSSION 


The exclusion of observations of radial velocity in abnormal light cycles yields, for 
“normal” behavior of these two RV Tauri stars, velocity-curves which are fairly well 
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defined and which are correlated with the light variations in a manner very similar to 
that observed in AC Herculis by Sanford and in the much more irregular variable 
R Scuti, by the writer. The principal maximum of velocity occurs several days after 
principal light minimum in V Vulpeculae and perhaps coincides with light minimum in 
R Sagittae. The principal minimum of velocity occurs near, or just after, the secondary 
light maximum. A secondary fluctuation of the velocity-curve is not shown clearly by 
R Sagittae but seems rather probable for V Vulpeculae. These curves bear out, in a 
general way, the correlation which the writer? suggested as characteristic of RV Tauri 
variables. The generalized curves for an “‘ideal’? RV Tauri star are shown in Figure 6, 

It will be very easy for skeptics to bring the charge of arbitrary wholesale exclusion 
of observations which disagree with a preconceived idea of the form of the curve. It 
should be expressly pointed out that the basis of exclusion was wholly independent of 
the velocities themselves, since the light variation was taken as the sole criterion. With 
each “‘bad”’ velocity there were usually one or more ‘“‘good”’ ones excluded, but all had 
to go out together if the light variation was abnormal. If there were a sufficient number 
of peculiar cycles which showed similar light-curves, we could then determine mean 
velocity-curves for a number of different kinds of abnormal cycles. But, lacking observa- 
tions, we can determine a mean curve only for that type which occurs most frequently, 
namely, the ‘‘normal”’ cycle. P 

It is reasonable to expect that identical light-curves (for any one star) will be accom- 
panied by identical velocity-curves; the results of the present paper indicate that such 
expectation is justified. It is also reasonable to expect that radical departures of the 
light variation from normal will be accompanied by equally radical changes of the ve- 
locity-curve. This also seems to be indicated by the present discussion. The author 
will consider that this analysis has been worth while if he succeeds in bringing to the 
attention of those who are in a position to make the observations the need for more 
intensive spectrographic study of some of these interesting semiregular variables, and 
especially the importance of determining accurate light-curves concurrently with the ra- 
dial velocity-curves. 

THE OBSERVATORY 
UNIVERSITY OF MICHIGAN 
March 26, 1941 


9Op. cit., p 
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A CONTRIBUTION TO THE STUDY 
OF 6B CANIS MAJORIS* 


O. STRUVE AND P. SWINGS 


ABSTRACT 

Coudé spectrograms obtained at the McDonald Observatory on January 22 and 24, 1941, show a 
velocity range of about 9 km/sec, in a period of 6 hours. The lines are diffuse and shallow near minimum 
velocity and sharper and deeper near maximum velocity. The Ca m line K shares in the oscillations. 
It is probably a blend of a stellar and an interstellar line. The lines suggest turbulence of an appreciable 
amount. A line at A 4469.71 is probably a blend of O 11 and forbidden He 1. A comparison with 8 Cephei 
shows that 8 Canis Majoris is more luminous. It is, however, not a supergiant. The similarity in the 
periods suggests similarity of internal structure. 


I. OBSERVATIONS OF 8 CANIS MAJORIS 


Many years ago Henroteau' found that the appearance of the spectrum of 6 Canis 
Majoris undergoes periodic changes: ‘‘Sometimes the lines are narrower, sometimes 
wider and more diffuse than the general average condition.”’ The period of these changes 
in line width is 0.25130 day. This is close to the period derived from the velocities, name- 
ly, 0.25714 day, which Henroteau? obtained from the material of the Lick Observatory 
but which he was not able to substantiate from a discussion of several hundred spectro- 
grams secured by him at Ottawa. More recently Meyer has investigated the radial ve- 
locity of 8 Canis Majoris at the Lick Observatory,‘ and Fath 5 has used a formula from 
Meyer’s work which gives the radial velocity as the sum of two simple harmonics with 
periods of 0.2513015 day and 0.2500222 day. The longer period is identical with Hen- 
roteau’s period for the line widths. It is perhaps surprising that of the six curves for the 
line widths shown in Henroteau’s paper’ five give a maximum line width at about the 
same phase at which his velocity-curves show minima, but Meyer’s observations confirm 
the difference in the two periods. Since the observations of line widths are difficult and 
are subject to systematic errors due to differences in the densities of the plates and the 
photographic treatment, it was desirable to secure additional material in order to clarify 
the relation between the velocity-curve and the curve of line widths. 

During January, 1941, we secured 10 spectrograms of 6 Canis Majoris with the Coudé 
spectrograph’ of the McDonald Observatory. The dispersion is 1.88 A/mm at A 3933 and 
4.05 A/mm at A 4490. The fast and very contrasty new Eastman emulsion (experimental 
astronomical blue plate Type Ia-o) coated on glass, gave good exposures in about 30 
minutes. A list of 77 suitable star lines was compiled mainly from the work of Struve? 
and of Kiihlborn.* The adopted laboratory wave lengths are the best available at the 
present time. Many are known only to about o.o1 A. Table 1 contains these lines. The 
first column gives the element; the second the adopted laboratory wave length; the third 
a rough estimate of the intensity in 8 Canis Majoris; the fourth the number of plates on 
which each line was measured; the fifth the mean residual, line minus average velocity; 

* Contributions from the McDonald Observatory, University of Texas, No. 36. 

t Lick Obs. Bull., 9, 157, 1918. 

2 Tbid., p. 160. 4 Pub. A.S.P., 46, 202, 1934. 

3 Pub. Dom. Obs., 8, 31, 1922. 5 Lick Obs. Bull., 17, 116, 1935. 

6 For a description of this instrument see Contr. McDonald Obs., No. 1, p. 103, 1940. 

7Ap. J., 74, 225, 1931. 8 Veréff. Univ. Stern. Berlin-Babelsberg, 12, No. 1, 1938. 
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TABLE 1 


WAVE LENGTHS OF STAR LINES USED FOR RADIAL VELOCITY 


camemaneee Vasoe , ResipuaL | RESIDUAL ADJUSTED PROBABLE ERRor 
= = Int. me. Oe V (Line) V (Mean) WAVE 
PLATES 

. | In KM/SEC | In A LENGTH 

Elem. r } | In km/sec In A 
Call 39033 .684 2 9 are kiscels Ema caies eT ; 
OI 4069. 766 4 10 | -+ 3.84 +0.052 4069 .818 ©.30 0.004 
Ol 71.220 I I I 3:05 +o.041 71.201 
O11 72.164 2 tO + 2.65 +0.036 | 72.200 0.33 0.004 
Ou 75.868 4 10 + 2.83 +o0.038 75.906 0.39 0.005 
Ol 78.862 I 9 | + 2.45 +0 .033 78.895 ©.99 0.013 
Gm... 83.907 I IO — ¥,06 —0O.014 83.8093 0.54 0.007 
i 85.124 2 10 | + 1.22 +0.017 85.141 0.35 ©.005 
Si Iv 88.862 3 7 + 1.55 +0.021 88.883 1.87 0.026 
Ol Sve 89.295 2 6 — 0.85 —0O.O12 8g. 283 0.97 0.013 
Cte Q2.940 I 8 — 0.14 —0.002 92.938 Lors 0.016 
Ou ' Q7.250 I 2 + 3.86 +0.053 Q7 . 303 
CS ener | 4104.892 I 6 + 0.02 0.000 4104.82 1.08 0.015 
WES sre Sieh 10. 800 I 2 + 0.98 +o. 013 10.813 
LY ¢ Car nee 12.040 I 2 = 0.50 —0.002 12.038 
Se 16.103 2 IO — 2.27 +0.017 16.120 °.81 0.011 
Ol..... 19.221 3 10 | + 1.30] +0.018 19. 239 O.51 0.007 
or ae 20. 860 2 0 | —'6.95 —0.003 20.707 o.81 0 OI! 
Ci) ae 32.806 2 9 + 0.16 +0.002 32.808 0.78 O.O1I 
Fem .:...... 29 20 I I + 7.00 +0.097 37.817 
er..... 43-759 5 fe) + 5.68 +o0.078 43.837 BW 0.008 
LM es 53-302 3 10 + 0.55 +o .005 53.310 0.30 0.005 
ee 56.540 I 6 =~ F038 —0O.014 56.526 I.14 0.016 
S I : 64.980 2 9 —12.760 —0O.177 64.803 ©.70 0.010 
He-Orn........1 69. 100 3 ice) + 2.47 +0.034 69.134 O-§3 0.007 
ot Se 85.450 2 9 + 1.90 +0.027 85.483 °. 28 0.004 
LL ee 89.788 3 IO + 0.03 ©.000 89.788 O.30 0.004 
Nu 4236.983 I 8 + 2.18 +0 031 237.014 oO. 92 0.010 
Nu 41.787 2 8 + 2.44 +0 .035 41.822 ©.94 0.013 
OC ee 50.680 3 2 — 10.36 —@)147 50. 533 
Ol care 53-980 3 7 — 16.30 —0O.23I 53.749 O 4! 0.006 
Cz : 67.150 5 9 + 1.47 +0.021 67.171 0.20 0.003 
OI iy ve S20 I 8 + 3.05 +0 043 75.503 1.33 0 O19 
Or 82.960 I I + 4.18 +o o60 83.020 
S rr 85.000 2 9 — 2.50 —0.022 84.978 0.64 ©. 009 
SS ae 85.700 I 5 + 0.67 +o. 010 85.710 © .99 0.014 
ae 88.830 I 2 — 2.44 —0.035 88.705 
Om ee QI.250 I I +058 +o. 008 g1.258 
OI paek 94.820 I 9 — 0.35 —0.005 94.815 o 87 0.012 
fs 4303 .800 2 9 + 0.16 +0.002 4303. 802 0.73 0.010 
O....: 07.310 I 7 — 6.42 —0.092 07.218 1.86 0.027 
OI teed 08 .g60 I I — 1.76 —0.025 05.935 
Ou Seger 17.139 5 IO + 1.59 +0 023 17.162 0.35 0.005 
Om he 19.664 5 10 — 0.50 —0.007 19.657 0.43 o 006 
OII eared 25.770 I 9 r 22 —o.0o16 26.964 0.85 0.012 
Ol ee ache 27.480 I 5 = 2.00 = .062 27.437 3.30 0.049 
Ol. a 28.620 I 3 — 4.41 —0.064 28.5560 
S Tit. — 32.690 I 8 — 2.23 +o .048 32.738 0.92 0.013 
Ol sa 36.860 I IO — 2.05 —6. 036 36.822 0.27 0.015 
OI 45.502 5 10 + 0.27 +0.004 45.506 0.31 0.004 
Of) a 47.425 5 10 = 06.55 —0.002 47.423 0.37 0.005 
ae ees 49.426 5 10 + 0.85 +0o.012 49.438 0.32 0.005 
OI 51.2069 5 9 + 1.25 +o.018 51. 287 °. 48 0.007 





LABORATORY VALUE 


Elem 


4009 
4075 
4097 
4104 
4120 
4137 
born. 

4150 
4104 
4109 
4230 
4250 
4253 
4207 
4282 
4332 
4372 
4375 
4379 
4411 

4447 
4467 
4471 

4479 
4451 


INT No. OF 
| ” PLATES 
» | | 

4354.580 | 1 | 3 
seatrcte 61.570 | yn 9 
66.896 | 4 | Io 
69.280 I 2 
72.490 | . | 8 
74.280 I | I 
78.400 I I 
79.480 | I I 
87.931 10 10 
95.959 2 | fe) 
4411.200 e | I 
14.909 10 IO 
10.975 10 | 10 
37-552 2 10 
47.080 | 2 10 
48.210 1 | I 
52.377 , ae 10 
65.400 Er I 
00.320 1 | I 
67.880 I | I 
71.508 | 20 | 10 
79.970 | I 10 
81.228 3 10 
4491. 250 I 9 
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TABLE 1—Continued 


MEAN 
V (Line) 
| IN KM/SEC 


I+ | 


| 


Leite} 1 ++ | 


bat be et 


Blend of O 11 9.636(5) and O11 9.897(7). 


Blend of O 11 8.862(6); O 11 9.00(o). 
Blend of O 1 7.260(6); N mt 7.331(10); Om 
Blend of O 1 5.000(6); O 11 4.743(3) 
Blend He 1 0.817(3); Het 0.989(1); O 11 0.30; O 11 0.55(2); Fe m1 0.97(8). 


i+ | 
ey a AO O me» | 


MRONNNAHMONNTWOOR OW SP 


29 
49 
IO | 
32 
83 
II 


08 
49 


—er 


? 
4*3\ 


RESIDUAL 
V (Mean) 


In 
+o 
—o 
—o 
+o 
—o 
—o 


=. 


+o 
+o 
—o 
+o 
+o 
+o 
+o 
—o 
+o 
—o 
—o 
+o 
—o 
+o 
—o 
+o 
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NOTES TO TABLE 1 


1). 


A 


o16 | 
005 


OIl2 
089 
167 
072 
052 


| 


038 


182 
O14 
003 
0560 
104 
032 
ool 


082 


039 
185 
035 
042 
003 
O17 


ADJUSTED 








WAVE —— = 
Laneen Inkm/sec| InA 
4384. S00) No 33 do cechen sca ae 
61.519 0.74 O.OII 
66.880 | 0.31 0.005 
a a eae Capi ey 
74.470 | &.S1 0.022 
74.191 ws Ween pants 
78.233 Booooaed Gocco 
ye Sd) errr ee a eae sans 
87.983 | 0.39 0.006 
95.912 | 0.67 0.010 
BASE AOR? Pecccé ok cabo ert 
14.923 | 0.40 0.006 
16.978 | 0.56 0.008 
37.608 0.7 0.010 
46.976 | 1.15 ©.O17 
AFAES V2 Seo eee 
52.376 | 0.54 0.008 
a) Oe ene see ree 2c 
OB BG bese ins awe 
OF 066. fice da ceclbteracemes 
71.543 0.39 0.006 
79.928 1.19 0.018 
81.231 ©. 37 0.006 
QI. 233 0.75 0.O1I 


Swings and Edlén give \ 4137.93(8); the adjusted A is identical with that measured by Kiihl- 


Blend of O 11 6.53(3); C m1 6.50(4). 


This must be Fe m1 4.79(20). 


Blend of Het 8.965; O 11 9.230(4). 
Blend of N 11 6.930(5); N 11 7.049(4) 


Identification must be wrong. 


Blend of O 11 3.74(4); O 1 3.98(4). 
Blend of C 11 7.27(20); C 11 7.02(109). 
Blend of O 11 2.82(2); O 1 3.13(o0). 


Blended with S mt 2.71(4). 
Blended with Fe 11 2.40(20). 


Blend of O11 8.40(0); O11 8.01(0). 


Blended with O m(?) 9.56(1) (see Kiihlborn). 


Blend of C 11 1.20(5); Cm 1.52(5). 


Blended with N 11 7.033(10). 


Blend of O 11 7.86(4); O 1 7.53(1). 
Blend of Het 1.479(1); Het 1.681(1). 


Blend of Al ur 9.968(4); Al 11 9.891(3). 


Blend of Mg 1 1.129; Mg 11 1.327. 
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the sixth gives the same quantity in A; and the seventh column gives the adjusted wave 
lengths. In all cases where a line had been measured on at least 4 plates the probable 
error of the adjusted wave length has been computed. These values are given in km/sec 
in column 8, and in A incolumn g. The notes at the end of the table explain some of the 
departures. The wave lengths of the comparison lines of the iron arc were taken from the 
work of Burns and Walters? and are those listed by them for air. 

Nearly all large residuals in the star lines are accounted for by blends. The large dis- 
crepancy for \ 4250.680 remains unexplained. The He1 lines seem to show a positive 
displacement with respect to the other lines, most of which are due to O 1. Two lines, 
\ 4122 and A 4169, are seriously blended. The others give the following: 


et! ae Adr\=+0.078 +o.008 A 
rc toy ee + .052 006 
Ct ee + .056 O10 
4472 ae, +0.035 +0.006 


This is probably not caused by Stark effect, because \ 4437 is not much affected by an 
electrical field. The laboratory wave lengths which we have used are from Kiihlborn’s 
compilation”® and, in the case of Het, are due to Paschen. The best stellar wave lengths 
are those by Albrecht," which are given in Table 2. 
TABLE 2 
WAVE LENGTHS OF HELIUM LINES 


Lab. A \ (Mean Stellar, 


& ‘ >. sc > { *)N é 
Lab. d (Paschen) (Fowler) Albrecht) » CMs) 
4143 .759(2) 0.77(2) 0.837 +0.008 
4387 .931(3) 928(3) | 0.946+0.003 983+ .006 
4437 .552(1) 549(1) 554+ .005 608+ .o10 
4471.479(6). . 477(6) ner 7 

2 2 2 + ( 
4471.681(1)... 0. 689(1) 0.52420.00 0.543+0.006 


Albrecht’s wave lengths refer to the mean of many measurements of radial velocities in 
B-type stars by Frost and Adams. The mean difference, 8 CMa minus Albrecht, is 
+0.037 A; and the mean difference, 8 CMa minus mean laboratory value, is +0.052 A. 
These values represent the systematic difference of the He 1 lines with respect to the 
mean of all lines—most of these being due to O 11. 

The velocities from individual lines were given different weights: 1 fora faint line and 
2 for lines of intensity 2 or more. The adjusted velocities in Table 3 were obtained by 
means of the adjusted wave lengths of Table 1. Whenever the adjusted wave length de- 
pended upon 4 or more plates it was used in forming these means. All lines measured on 
fewer than 4 plates were used with their original, unadjusted wave lengths. The prob- 
able errors are satisfactorily small. The influence of the unadjusted wave lengths in col- 
umn 7 of Table 3 probably more than balances the errors introduced by taking mean 
wave lengths from relatively few plates—4 to to—for those lines for which adjusted 
wave lengths were used. 

The calcium line K was treated separately. It was measured and reduced independ- 
ently of the other lines; because of the probable existence of an interstellar component no 
attempt was made to adjust its wave length. 


9 Pub. Allegheny Obs., 6, No. 11, 1929. 1° Op: ctt., Pp. 42. 1 Ad. J., 67, 305, 1928. 
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The radial velocities show that on January 24 there was a marked variation with a 
total range of about 9 km/sec. It is surprising that the calcium line shows a similar varia- 
tion, which suggests that the interstellar line is blended with a stellar component of 
appreciable intensity. The appearance of the calcium line supports this conclusion: 
with the high dispersion it is broad and diffuse, resembling in appearance the star lines of 
Ou, etc. Near minimum velocity the two plates Cd 68 and Cd 69 give a suspicion of 
doubling, but the evidence is not conclusive. The calcium line is not strong”, even aside 
from the effect of blending, and does not suggest a great distance. Allowing for the stellar 
component, the distance cannot be much greater than about 100 parsecs. 


TABLE 3 
RADIAL VELOCITIES OF 8 CANIS MAJORIS 


| 


| 
jus 
7 ane No. of | Vel. in P.E. in | sc | P.E.in | Vel. of 
wists | — R Lines km/sec km/sec | en | km/sec. | CaK 
km/sec. 





1941 
7 a January 22.217 36 + 24.67 +0.59 +24.61 | +0.44 +24.5 
ies es January 24.104 68 38.26 38 38.17 | “3h 44.3 
66 January 24.137 62 2622 45 35-390 Rei open one 
ee January 24.168 54 29.86 38 29.85 | 2 23.8 
68 January 24.203 53 45.93 52 25.74 37 16.2 
69. . January 24.235 47 25.78 45 25.55 | 26 18.3 
70 January 24.2604 49 28.75 2 28.64 2 23.7 
71 January 24.287 51 30.66 45 30.83 .29 28.7 
72 January 24.313 51 32.00 2 31.99 25 30.2 
73 January 24.342 Se |) Saeed +0.40 + 34.83 +o.20 | +30.6 


There is a very remarkable change in the intensities of the star lines: they are rather 
sharp and deep near maximum radial velocity and appear diffuse and faint—even slightly 
broadened—near minimum radial velocity (see Fig. 1). As faras weare able to ascertain, 
all star lines show this effect. It does not seem to be associated with a change in ionization 
orexcitation. For example, the lines of Sz m1 and Si Iv behave in the same manner. Nor 
is there an appreciable difference between lines arising from metastable levels and those 
arising from ordinary levels. For example, the line Fe 111 4420, which arises from a me- 
tastable level, is not strengthened with respect to Fe 111 4138 and 4165, which arise from 
ordinary excited levels. The broadening of the lines does not resemble that associated 
with an increase in turbulence. The turbulent broadening, which is quite appreciable in 
this star, does not vary within the short period. Even near the violet end of our spec- 
trograms, where the dispersion is 2 A/mm, the broadened lines look symmetrical (with 
the exception of Ca K). There are no unsymmetrical wings, such as have been observed 
by Adams’: in the normal Cepheid variable, » Aquilae. The change in the appearance of 
the lines is so conspicuous that many of the fainter lines which were easily measured on 
plates taken near maximum radial velocity could not be seen at all near minimum. The 
phenomenon suggests some mechanical cause; for example, a change in the velocity of 
rotation might produce the observed changes in the contours of the lines. But, of course, 
it is very improbable that such a change really does take place. 

There can be no doubt that the variation in the line contours is identical with the 

2 Merrill, Sanford, Wilson, and Burwell (A p. J., 86, 291, 1937) assign 8 CMa to their Group I, which 
means that the Ca 1 line K is “either not seen or a barely perceptible trace.” However, a good contrasty 
omg taken at the Yerkes Observatory (see Pl. XIV, Ap. J., 74, 248, 1931) shows a moderately strong 
ine. 


's Pub. A.S.P., $a, 388, 1940: 
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effect of line broadening described by Henroteau. It is very suggestive that our observa- 
tions give the same phase relationship between the velocity-curve and the curve of line 
widths as do the five epochs out of six in which Henroteau finds maximum line width to 
fall near minimum velocity. Our observations are, of course, not sufficiently numerous 
to prove that this relationship will always hold. But perhaps allowance should be made 
in Henroteau’s observations for possible errors in the curves based upon such difficult 
measurements as those of line widths. Unless the range in the variation of line widths 
changes greatly, it is an indication of great skill that Henroteau was able to detect it at 
all. 
II. COMPARISON WITH OTHER STARS 


There are available at the present time three modern lists of stars usually designated 
as belonging to the type of 8 Canis Majoris. The one by Henroteau' lists 29 Stars, 
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Fic. 1—Contours of three lines of Om in 8 Canis Majoris. On Plate Cd 65, taken near maximum 
radial velocity, the lines are deep, while on Plate Cd 70, taken near minimum velocity, they are shallow. 


known and suspected, of which 22 belong to class B. J. H. Moore’s list in the fourth cata- 
logue of spectroscopic binaries’ lists 13 stars, of which 7 are of type B. The most recent 
list, that by C. P. and S. Gaposchkin" has a total of 30 stars, of which 13 are regarded as 
unreliable, leaving a total of 17, with 9 of type B. 

An inspection of the B-type stars in the Gaposchkin list shows that only 4 are definite- 
ly known to be stars of variable radial velocity whose periods are less than half a day, 
whose velocity ranges are so small that they can hardly all be explained in terms of bi- 
nary motion, and whose velocity-curves undergo slow changes in y, A, e, and w, if we use 
the description of the curves in terms of the elements of a spectroscopic binary. A few 
other stars may belong to the same group, but the available information is either un- 
reliable, being based upon inconclusive observations by only one observer, or the data 


14 Handb. d. Ap., 6, No. 2, 1928. 


15 Lick Obs. Bull., No. 483, 1936. 16 Variable Stars, p. 188, Cambridge, 1938. 
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are contradictory in themselves and fail to give a clear picture of the variations. For 
example, in the case of 6 Ceti, for which J. H. Moore accepts the evidence as indicating a 
variable radial velocity,’? Crump’ finds a period of 0.1556 day, while Henroteau’? had 
found 0.16122 day. Moreover, the light of 6 Ceti is not known to vary. Henroteau 
thought the lines were diffuse, which contradicts the evidence of the Yerkes plates. In 
fact, 6 Ceti is among the B stars whose lines appear very sharp with a dispersion of about 
30 A/mm. The amplitude of the velocity variations is small—of the order of 10 km/sec. 
Clearly, no useful purpose can be accomplished by lumping this star with others for 
which a large amount of reliable information is available. 

Another possible representative of this group of stars is vy Eridani, which occurs in all 
the lists but for which the available information is highly unsatisfactory. Henroteau”® 
had originally determined a period of 0.23667 day, with the peculiar qualification that 
this period gives either a maximum or a minimum. But ina later paper”! he was unable 
to verify this period or to give any other value which would combine what looks like 
rapid oscillations repeating themselves at intervals of between 0.15 day and 0.20 day. 
Instead of this he gave a period of 7 days for the variation in velocity range. The prob- 
lem is even more complicated by the fact that Baker had announced a period of 0.15430 
day fora variation in the light of v Eridani.” It is, of course, possible that in this star the 
variations are essentially irregular. But this is not the case in 8 Cephei, and it seems best 
for our present purpose to use only those stars in which there is some degree of perio- 
dicity. 

For » Aurigae the evidence is even less satisfactory. Moore? concludes that the 
Yerkes and Lick results fail to confirm a variation in the radial velocity, as is borne out 
by the small probable errors from 8 and 5 plates, respectively: 


n AURIGAE 
Yerkes..... +6.2 +1.2 km/sec. 
ot: 2.0 1.0 
Ottawa... +8.8 | +3.2 


Among the rest of the B stars in the Gaposchkin list which have not already been 
questioned by the authors, 42 Camelopardi must be excluded for lack of sufficient radial- 
velocity data, the sole existing evidence being Edwards’*4 period of 0.1385 day for the 
line intensities. The star @ Ophiuchi, for which Henroteau had found a short period? has 
been questioned by Moore.”® Eight Lick Observatory plates give a mean velocity of 
—1.2+0.6 km/sec, while 45 Ottawa plates give —15.0+1.2 km/sec. It seems best to ex- 
clude this star until more information is available. Altogether we are left with the 4 
classical representatives of this group of stars,?’ for which we have summarized the perti- 
nent information in Table 4. 


17 Lick Obs. Pub., 18, 19, 1932. 22 Pub. A.S.P., 38, 93, 1926. 

% Ad. J., 79, 351, 1934- 23 Lick Obs. Pub., 18, 40, 1932. 
19 Pub. Dom. Obs., 9, 26, 1925. 24 M.N., 93, 729, 1933- 

20 Tbid., §, 59, 1921. 25 Pub. Dom. Obs., 8, 3, 1922. 

1 Tbid., 9, 119, 1927. 26 Lick Obs. Pub., 18, 208, 1932. 


77 It is difficult to see any justification, other than habit, for designating this group as the 8 Canis 
Majoris stars. Not only was 8 Cephei the first member of the group to be discovered with the spectro- 
graph, but its well-established variability in light was known 22 years before there was any definite 
evidence of such a variability in 8 CMa. It is also hard to see why the Gaposchkins, in referring to 
Eddington’s work on pulsating stars (op. cit., p. 175), remark that 8 Cephei was “not, however, a happy 
example, for the data concerning this star are still inadequate and doubtful.” As a matter of fact, 6 
Cephei is the only star of the group for which our information is reasonably reliable. Since the desig- 
nation ‘“‘8 Canis Majoris stars” is historically incorrect and scientifically misleading, we suggest that 
8 Cephei be regarded as the type star and that its name be used to designate the group. 
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An inspection of three prism spectrograms of 8 Cephei taken at the Yerkes Observatory 
shows no change in the contours of the absorption lines. In this respect the star differs 
reatly from 8 Canis Majoris. On the other hand, its period is nearly constant; but both 
Kohl?? and Crump” find that P=0.1904795 day satisfies the observations from 1906 to 
1918, but that later observations, up to 1932, are better represented with P=0.1904851. 
Nevertheless, it is clear that we have no such complication with the period as has been 
found in the case of 8 Canis Majoris. 

It is of great interest that in all three stars for which definite variations in light have 
been announced maximum light falls between the point of maximum compression on the 
pulsating star model (or the most distant point of the orbit, on the binary model) and min- 
imum velocity. This was first established by Miss Cummings in the case of 8 Cephei,3° 
but it is also true for 12 Lacertae#! and for 8 Canis Majoris.3? The phase relation is defi- 
nitely not the same as in the case of normal Cepheids, but it may perhaps be easier to 
explain on the pulsation theory than the latter. 

Probably the most remarkable result of the spectroscopic investigations is contained 
in the estimates of absolute magnitudes and of spectral types. The types are nearly 
alike—perhaps even more so than the estimates show. There are no cases of rapid axial 
rotation, but this may be due to observational selection. But 8 Cephei is somewhat 
dwarfish in character. It has narrow, sharp lines of O 11, Mg 11, etc., while H and some 
He t lines are broadened by Stark effect. The forbidden line He 4470 is present but is not 
as strong as in 6 Ceti, y Pegasi, or r Scorpii; 8 Cephei has no appreciable turbulence. 

On the other hand, the turbulence must be large in 8 Canis Majoris. Its lines are 
broad, with sharp edges, and the curve of growth is apparently steep. A comparison 
with 7 Scorpii shows that the latter brings out many more faint lines than 6 Canis Ma- 
joris. This effect of turbulence suggests relatively high luminosity. Merrill33 includes it 
among the c stars and so does R. E. Wilson.34 Morgan®s definitely makes its luminosity 
greater than that of 6 Cephei. On our spectrograms the H lines are appreciably broad- 
ened, as are also the members of the 2'P°—n'D and the 23P°—n3D series of He 1. Hence 
we doubt that 6 Canis Majoris is as luminous as 6 Orionis or a Cygni, but there can, 
in our opinion, be little question that it is roughly 2 mag. more luminous than 6 Cephei. 
This agrees essentially with an earlier estimate by Struve,*° who placed 8 Canis Majoris 
among stars of intermediate luminosity and 8 Cephei among those of low luminosity. 

All modern estimates of the absolute magnitudes, and especially those for 6 Canis 
Majoris, are in violent disagreement with the period-luminosity relation for normal 
Cepheids, which approaches absolute photographic magnitude 0.00 for periods of the 
order of a quarter of a day. This contradicts earlier conclusions that these stars may be 
regarded as “‘dwarf Cepheids,’’3? or that they fail to display spectroscopic characteristics 
of high luminosity.3* The latter conclusion was based upon the identification of a faint 
line with forbidden He 1 4470. A new measurement on Coudé plates gives a wave length 
of \ 4469.71, which is about halfway between O II 4469.32(3) and forbidden He 1 4469.97. 
The measured line is quite broad and may be a blend of a weak forbidden line with the 
O 11 line. 

28 A.N., 248, No. 22, 1933. 

29 Op. cit., p. 260. 

3° Lick Obs. Bull., 11, 118, 1923. 

3! Christie, Pub. Dom. Ap. Obs., Victoria, 4, 62, 1927. 

2 Fath, loc. cit. 

3 Ap. J., 81, 351, 1935. 36 Op. cit., p. 250. 

34 Ap. J., 93, 212, 1941. 37 Gaposchkin, op. cit., p. 177. 


35 Unpublished. 388 Struve and Ogrodnikoff, Pub. A.A.S., 7, 106, 1931. 
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Summarizing the observational results we have: 

1. The velocity changes are probably not purely atmospheric phenomena. Otherwise 
it would be incomprehensible that the periods should be so similar, while the spectra are 
so different in character. 

2. The changes in the line intensities in 8 CMa suggest a phenomenon associated sole- 
ly with its tenuous atmosphere. Certainly, 8 Cep shows nothing like it, although changes 
were observed by Young in 12 Lacertae. 

3. The small variability in light suggests an intrinsic process rather than binary mo- 
tion. 

4. The existence of slow variation in y may indicate binary motion, but there is no 
certainty on this point. 

5. The relation between light- and velocity-curves is definite, and, while it differs from 
that of a true Cepheid, it does have some resemblance to it. In particular, maximum 
light always comes soon after the phase of greatest compression: the famous lag of 4P 
observed in normal Cepheids is greatly reduced. 


If, in spite of the discordance in the period-luminosity relation, we apply the formula 
PV p = const, the ratio of the mean densities of 8 Cephei and 8 Canis Majoris would be 


p(B Cep) _ oa 
p(B CMa) eno 


It would be difficult to reconcile this small ratio with the observed difference in the lumi- 
nosities. We should have expected that the ratio would be more nearly 10 or 20. But per- 
haps the internal constitution of the two stars is much more nearly alike than the spectra 
would lead us to believe. The essential physical difference between the two stellar at- 
mospheres is that the one star has turbulence while the other has not. A support by 
turbulent motions of an extended reversing layer in 8 Canis Majoris—somewhat along 
the lines of McCrea’s theory of chromospheric support39—might serve to reconcile the 
relatively high luminosity of 6 Canis Majoris and the similarity in internal structure 
suggested by the periods. 
YERKES OBSERVATORY 
March 31, 1941 


39 M.N., 89, 718, 1920. 
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LARGE-SCALE MOTION IN STARS 
GUNNAR RANDERS 


ABSTRACT 


The most general type of stationary internal motion in a star of rotational symmetry has been studied 
from a dynamical point of view, and some general theorems have been obtained. The period of a station- 
ary meridional circulation is related to the effective viscosity in the star. Restrictions on the possible 
distributions of angular velocity follow from the boundary conditions imposed by the kinematics, as well 
as by the dynamics, of the system. 

I. INTRODUCTION 


In stable, nonrotating stars we have no reason to expect large-scale currents in the 
interior. The only kind of motion we may expect is a disorderly mixing of material be- 
tween adjacent layers in a convective zone or a slow diffusion through the star of certain 
elements, due to the transmutations which proceed in the central regions. 

In a rotating star conditions are different. There will be a difference in temperature 
between the poles and the equator and a corresponding difference in density and pres- 
sure. The rotation also introduces new dynamical effects, stabilizing or destabilizing, 
according to conditions. Especially interesting from the dynamical point of view is the 
case of differential rotation (i.e., angular velocity varying through the star) in a star of 
viscous material. 

The possibility of internal currents existing in rotating stars has often been empha- 
sized. Because of the remoteness from direct observation, however, no observational in- 
formation has been obtained, and, because of the mathematical difficulties involved in 
attacking the problem hydrodynamically, only qualitative suggestions can be obtained 
from the theory. The two main starting-points for previous discussions of internal cur- 
rents in stars have been (1) von Zeipel’s theorem and (2) the differential rotation ob- 
served in the sun. 

The theorem of von Zeipel' gives a condition to be fulfilled by the energy production 
in a star in radiative equilibrium, rotating as a rigid body. Since the condition most 
probably cannot be fulfilled, it was suggested by E. A. Milne that the rotation would be 
differential. A. S. Eddington? discussed this possibility and came to the conclusion that 
a violation of von Zeipel’s theorem would result in a state of differential rotation com- 
bined with meridional currents. In this state the viscous forces arising from the differen- 
tial rotation would be balanced by the transport of momentum by the meridional cur- 
rents, so that the state of motion is a stationary one. Similar conclusions from von 
Zeipel’s theorem were also given by H. Vogt.’ B. Gerasimovié‘ suggested that the stars 
might assume pure axial rotation with a distribution of angular velocity of the form 


W=c+ R: 
where R is the distance from the axis. Such a distribution would give no resultant viscous 
force in the medium. It is, however, obvious that such a distribution would have non- 
vanishing viscous stresses at the surface, so that forces would have to be applied at the 
surface to keep the motion going. 

' Seeliger Festschrift, p. 144, 1924. 3 A.N., 223, 229, 1925. 
? Observatory, 48, 73, 1925. 4 Observatory, 48, 148, 1925. 
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An important question to be answered is whether the viscous forces are strong enough 
to affect appreciably the internal motion of stars. It has been generally agreed that the 
viscous forces due to large-scale laminar motion in a star would be so insignificant that 
the present differential rotation of the sun might be a remnant from a primordial state 
of motion.’ Jeans® found the radiative viscosity to be more important than the material 
and suggested that the motion in the outer parts of a star may be entirely governed by 
the “‘braking effect’’ of the outflowing radiation. 

Rosseland’ pointed out that there are both observational and theoretical indications 
that the motion in the sun is turbulent. The eddy motion may, according to experi- 
ments, easily increase the effective viscosity of a large-scale motion by a factor of one 
million. Hence he concluded that meridional currents are necessary for maintaining the 
differential rotation in the sun. 

Rosseland’s argument was questioned by L. Biermann,’ according to whom the 
thermal stability of the sun, if in radiative equilibrium, would be sufficient to overcome 
the tendency to turbulence. The obviously turbulent structure observed on the solar 
surface can be explained as being due to the narrow convection zone which according to 
Unsold? extends through a few hundred kilometers below the photosphere. 

The stabilizing effect of the thermal stratification is wholly dependent upon the devia- 
tion of the actual temperature gradient from the adiabatic one. The heat transport 
effected by the turbulence itself will tend to decrease this deviation. The assumption 
of a temperature gradient corresponding to purely radiative energy transport, there- 
fore, already affects the possibility of turbulence existing in this region. Biermann’s re- 
sult, depending upon his assumption about the temperature gradient, although plausible, 
is therefore not to be considered as absolutely conclusive. In any case, the sunspots seem 
to indicate instability of much deeper origin than that of the narrow Unsdéld layer. Also, 
it should be remembered that the sun is a very slowly rotating star. Most early-type 
stars (O, B, A) of the main sequence have much higher rotational velocities, in some 
cases obviously approaching the limit of stability. In such stars the conditions for turbu- 
lence are much more favorable. 

Whether we have to deal with laminar or with turbulent viscosity, it is of interest to 
study in detail the properties of such steady meridional motion in rotating stars. The 
theoretical treatment, however, very soon encounters the practically insurmountable 
difficulties of solving the general hydrodynamical equations for a viscous gas. The best 
one can do at present is to gain as much general information as possible from the form of 
the equations governing the motion. This is the purpose of the present work, which may 
be regarded as an extension of earlier work by the author." 

We are going to consider the most general state of steady motion possible in a rota- 
tionally symmetrical star of viscous material. Such motion may always be considered 
as consisting of a differential rotation about the axis of symmetry combined with sta- 
tionary currents circulating in the meridional plane. 


II. ROTATIONALLY SYMMETRICAL MOTION IN A VISCOUS FLUID 
We shall use the following notations: 
p = density 


p = total pressure 
@ = gravitational potential 


sT. Wilsing, A.N., 127, 233, 1891; E. Wilczynski, ‘“Hydronamische Untersuchungen” (diss. Friedrich 
Wilhelm University |Berlin: Mayer & Miiller, 1897]). 

6 M.N., 86, 328, 444, 1926. 
7M.N., 89, 49, 1928. 9Zs.f. Ap., 1, 138, 1930. 
Zs: 4 AP. (8, 187, 1932- 10 Astroph. Norvegica, 3, 97, 1939. 
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V = the velocity vector, with rectangular components V.z, Vy, Vz 
pw. = the coefficient of viscosity, considered as constant 
V? = the Laplacian operator 


The equation of motion in a viscous fluid has the form 


dV 


—* = — pV — Vp + uw{4V div V+ VV}. (1) 


The symbol d/dt is the individual derivative (0/d¢ + VV). We introduce cylindrical co- 
ordinates R, ¢, 2, defined by 


(2) 


= Rcos¢, y=Rsing, z= 


a 


The z-axis is the axis of symmetry. Differentiating the second of equations (2) with 
respect to time, we obtain the component V, of the velocity expressed by the cylindrical 
components Vz and Vg, 


V, = Vesing+ Vecos¢. (3) 


For the y-component of V, we have 





0 re) 0 


a = sin g ap + cos ¢ je: (4) 





Because of the rotational symmetry we can put 0/d¢g = o. Hence 





= sin ¢ 55 - (5) 


By substituting equations (3) and (5) in the y-component of equation (1) and collectin 
£ eq 3 3 : 
terms in sin ¢ and cos ¢, we get 


at [@ "RV oe | 
{84 Vee 7° sin g + p\ ort + VW. + +8r*} cos ¢ ) 
} } 
’ / r (6) 
| _ | ad Op ra) 7 aur Ver EF l\nv J ¢ ) 
od aaa 5h + u(2 ap div V+0V 2 — gf) |singtul OV, ein 


None of the quantities inside the braces depends upon ¢y. Consequently, the terms in 
sin g and cos ¢ must vanish separately, and we get the two equations 





OVe rl Ap q V 
| 0% 7 + ho) ee oe av Vt uO e — Fe] 7) 
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which are the R- and g-components of the equation of motion (1). The z-component js 
the same as before: 


OV, 


, Ob Op 0 
° | od 


+ VV.) =-p5-— 4" — divV + ut'V.. (9) 


OZ Oz 3 02 


In the case of stationary motion we can put 0/dt = o and have, finally, 


: ei. 2 2. so 
p | VVI . R | eae p OR aa OR + 3 OR div V + ea (v J R R2 ) ’ (10) 
; VerV, | oe Ve | 
p<, VVV,+ R }=u (VV, — pr), (11) 
ap ) ) 
PS ee ee ee (12) 
Oz Oz 3 02 


Ill. THE g-EQUATION 


To solve the system of equations of motion (10), (11), and (12) we would have to 
make use of the Poisson equation for the gravitational potential, as well as of the energy 
equation and the equation of continuity, since &, p, and p occur in addition to the 
velocity components. This is in practice a nearly impossible task. We shall, there- 
fore, first consider the g-component of the equation of motion (11), which does not con- 
tain @ and p, and see what information we can obtain about the motion from this 
equation, in connection with the equation of continuity, which also involves p and V 
only. 

Instead of the linear velocity V, in the ¢-direction we shall introduce the angular 
velocity W. We have 


Ve = WR. (13) 
The Laplacian operator has the form 
0? re r @ 4 0? (14) 
= I 
OR? ROR 02? 4 


By means of equations (13) and (14) we obtain from equation (11) 


, — , vw Ow , ou 
p|RVVW + 2VRW} =u (x aR? +3 aR +R rer (15) 
Multiplying by R this can again be written 
pVV(WR?) = uw div (R°VW). (16) 


The equation of continuity has the form 


div pV =o (17) 


| i 
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for stationary motion. Equation (16) can therefore be expressed in the form 
div {R?(pVW — pVW)} =o. (18) 
For simplicity we shall denote the momentum vector pV by P: 
P= pV. (19) 


By equation (17) the divergence of P vanishes. P can therefore be written as the curl 
of a vector A: 


P=curlA. (20) 


On the other hand, we can also express the whole bracket in equation (18) as the curl 
of a vector B: 
WR? curl A — R*unVW = curl B. (21) 


The z- and R-components of equation (21) are 


_» ORA, ,OW _ 1 ORB, 
WR OR wn dz R OR (22) 
and 
_» ORA, ,OW it ORB, 
WR Oz uk oR R 902 (23) 


We shall denote RA, by A, and RB, by B. Multiplying equation (22) by RdR, equa- 
tion (23) by Rdz, and subtracting, we obtain 


' ow ow 
WR*dA — pR3 | —— dR — —, dz| = dB. (24) 
02 OR 
Because of the rotational symmetry, it is sufficient to consider the conditions in a fixed 
meridional plane. In this plane the expression in the bracket represents the vector 
product of VW = (dW/dR, dW/dz) and dr = (dR, dz). We therefore have 


WRdA — dB = upRI[VW X dr} (25) 


or 
ow 


re ds , (26) 


WR?dA — dB = uR3 


. >re OW/dn is the gradient along the left-hand normal to dr and ds is the length of 
the displacement dr. Equation (26) is equivalent to the original g-equation (11). 
IV. BOUNDARY CONDITIONS 


Consider the component , in the meridional plane, of the momentum vector P. A line 
in the meridional plane having at each point the direction of the local p describes a 
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“‘meridional”’ streamline of the motion. In other words, if ds is a displacement along a 
meridional streamline, ds and p are parallel, or 


[p X ds] = o alonga streamline . (27) 


We therefore have 
pdR — prdz = (curl A),dR — (curl A) xdz 


1 0A 1 0A 
"sg tae 
or simply 


dA = o along a streamline . (28) 


Since we are considering stationary symmetrical currents in a star, it is obvious that 
the meridional streamlines must be closed. Actually, the outer boundary of the star 
must itself be a streamline, and so must the axis of rotation, since no flow can cross it 
without disturbing the symmetry. The closed curve in the meridional plane, composed 
by the outer boundary and the axis, is therefore the boundary streamline of the motion, 
and we can without loss of generality put 


A = o along surface and axis. (29) 

Besides the kinematic boundary condition (eq. [29]) we have also conditions to be 
satisfied by the viscous stresses at the surface. The star is kept together by its own 
gravitation and has no rigid boundaries inclosing the material. Consequently, the 


viscous stress across the outer surface must vanish. Let II,;, denote the stress tensor 
(i,k = z, R, ¢), and n;a unit vector normal to the surface. We then have the conditions 


sa , 
™ Ilia, = oO at the surface. (30) 
meen ; 


Consider the condition (30) with 7 = ¢, 


x : 
So teem =O. (31) 
k 


The normal 7; has only two nonvanishing components, m, and mz, (it lies in a meridional 
plane). We further have" 


IW 
Il,, = wR is (32) 
Oz 
and 
ow 
lye = uR aR * (33) 


tt Milne-Thomson, Theoretical Hydrodynamics, p. 520. London: Macmillan & Co., Ltd., 1938. 
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The condition (31), therefore, says that the vector VW is perpendicular to the surface 
normal or, what is the same, that VW is parallel to the outer surface. If dr is a dis- 
placement along the boundary streamline, we have, consequently, 


[VW X dr] =o. (34) 


It then follows immediately from equation (25) that dB is zero along the surface. It is 
seen by equation (25) that dB vanishes also on the axis (R = o). We therefore have the 
second boundary condition 


B=o along surface and axis. (35) 


If we consider stars which are symmetrical on both sides of the equatorial plane— 
as we shall always do—then the intersection of the equatorial plane with the meridional 
plane is a streamline, so that A = o along this line. From reasons of symmetry dW/dn 
vanishes along the equatorial line, hence, according to equation (26), we have dB = o, 
and consequently B = o along the equatorial line. Now we need consider only one quad- 
rant of the meridional section of the star, and along the boundary of this quadrant we 
have A = B=o. 


V. CONCLUSIONS FROM THE g-EQUATION 


We shall denote the quantity WR’, which represents the “‘circulation” around the 
axis, by Q, 


-«~ 
tr 


= WR’. (36) 
By equation (26) we then have 


ow 


QdA — dB = uR3 — 
On 


ds, (37) 


with the boundary conditions 
A = B=o0 along the boundary of a meridional quadrant . 


We shall first prove a very general theorem, which is valid for any stationary, rotational- 
ly symmetrical motion of a viscous fluid, independent of boundary conditions. Consider 
the distribution of Q over a meridional section. We can then prove theorem (a): The 
axial circulation Q cannot have a maximum (or minimum) at any point outside the axis or 
the surface. To prove this we shall introduce Q instead of W in equation (37). We have 


IW AL , O(R? 
yp OF gn te ee a | 
On On On 
™ - t (38) 
= R— ds — 22 — ds. | 
on on } 
Remembering that 7 is along the left-hand normal to ds, we have 
OR dz 
cade (39) 


on ds © 
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By equations (38) and (39), 


IW AQ 
R3 wi ds = R i ds + 2Qdz. (40) 


on 


Hence we can write equation (37) as follows: 


dQ 
Qd(A — 2yus) — dB = pR — ds. (41) 


Cn 


Now, suppose 2 had a maximum at a certain point in the z, R plane. The level lines of 
the function Q will then be closed curves encircling the maximum. Integrating equation 
(41) along one of these closed level lines, we get 


IQ 
Qf$d(A — 2uz) — SdB = wSR = ds , (42) 
C 


since {2 is constant along the line. The left-hand side vanishes because the integrands 
are complete differentials. The integrand on the right-hand side is, however, always 
positive when we integrate in the counterclockwise direction, because © is increasing 
toward the maximum on the left-hand side as we pass along the level line. The right- 
hand side, therefore, cannot vanish, and the assumption of a maximum leads to a contra- 
diction. The same argument applies to a minimum. 

The theorem (a) is obviously related to the stability criteria for rotating fluids stud- 
ied by Lord Rayleigh and by G. I. Taylor.’* It should be noticed that the theorem is 
valid for any rotationally symmetrical motion of a viscous fluid, without restrictions on 
pressure, density, or temperature. 

Passing now to the case of a star, i.e., a fluid without rigid boundaries, we shall prove 
the additional theorem (6): The axial circulation in a viscous star cannot have a maximum 
(or minimum) along any line other than the boundary of a quadrant (in a meridional sec- 
tion). Suppose 2 had a maximum value along a certain level line. Since there is no 
point-maximum in the region, the level lines are not closed and must cross the boundary 
of the quadrant twice, when entering and when leaving. We now integrate equation 
(41) along the level line in question, crossing the quadrant from boundary to boundary, 


: : 0Q 
QfdA — 2pQ fdz— {dB =yfR ds. (43) 


Since A and B always vanish at the boundary, the first and third integrals vanish. Be- 
cause the line along which we integrate is a line of maximum value of 2, the normal 
gradient 02/dn is zero. Consequently, the integral on the right-hand side vanishes also. 
The value of the second integral on the right is 


where z, and z, are ordinates of the points of entering and leaving the quadrant of the 
Q-line. However, z; can never be equal to z,. This is because no 2-line cuts the axis (it 
is an Q-line itself), while no two points on the outer surface have the same zs. Further, 
an Q-line cannot both enter and leave through the equatorial plane since then, because 
of the equatorial symmetry, the {2-line will be closed and 2 will have a maximum. Conse- 


12 Phil. Trans. London, 223, 289, 1922. 
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quently, the assumption of a level line of maximum { leads to a contradiction. The 
possibility of a line of minimum 2 is obviously disproved by the same argument. It 
should be noticed that both proofs fail at the axis where R and Q vanish. 

From theorems (a) and (b) we can now conclude that im a viscous star the circulation Q 
must increase uniformly from the axis (where it is zero) outward. 

We have excluded the possibility that the equatorial radius is itself a line of constant 
Q, because it would imply that the whole equatorial plane was nonrotating (since 
Q = oat center). Because of the equatorial symmetry we can further conclude that all 
Q-lines rise perpendicularly from the equatorial radius, the Q-value increasing as we pass 
outward along the radius (Fig. 1). 

We shall now consider the case when the meridional motion consists of a single large- 
scale current in each hemisphere. The meridional streamlines then form a set of closed 




















< 

FIG. 1 FIG. 2 
curves filling the whole region of a quadrant. The direction of the current along the 
boundary of a quadrant will be's:'4 from the center to the pole, from the pole along the 


surface to the equator, and inward along the equatorial radius (Fig. 2). Integrating 
counterclockwise around a streamline we then must have 


fpdr <o, (45) 


or, introducing A, 


1/0A OA I OA , 
$ 3G dz — = aR) = - § xiv xX dr| = -$% ds<o, (46) 


where 0A /0n, as usual, denotes the gradient along the left-hand normal to ds. By equa- 
tion (46) it follows that 
OA 
On 


>o, (47) 


which means that A increases from the boundary inward. Since A is zero at the bound- 
ary it therefore follows that A is positive in the upper right quadrant. 


13 A. S. Eddington, M.N., 90, 54, 1920. 


4S. Rosseland, Astrophysik auf atomtheoretisher Grundlage, p. 91. Berlin: J. Springer, 1931. 
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We shall now prove theorem (c): If the angular velocity changes uniformly as we pro- 
ceed through the star in directions parallel to the axis or to the equatorial plane, then the 
angular velocity increases inward in both cases. 

To prove theorem (c) we integrate equation (37) upward along a line R=const from 


the equatorial plane to the boundary. We get 


ow 
fQdA = — pfR OR dz (48) 


or, by partial integration and remembering that A vanishes at both limits, 


dQ Oe 
—fA a dz = —pf R3 aR dz. (49) 


Since A is positive, it follows from equation (49) that 


6 i ee, ‘ol 
a= anc aR ave simular signs. 50) 


Now we integrate equation (37) outward along z=const from axis to boundary, and, 


fQdA = pfR = dR, (51) 
O02 
or, as before, 
“its — 
—fA oR dR = ypJfR = dR , (52) 
Cc O02 
which may again be written 
f (4x . + uR: - ) dR = —{ AW + 2RaR. (53) 
c dz 


The integrand on the right-hand side is positive. Consequently, the left-hand side is 
negative, and from the condition (50) it follows that 
ow ow 


and - are both negative . (- 
Oz OR 6 $4) 


VI. THE VELOCITY OF THE MERIDIONAL CURRENT 


The velocity with which the stationary current circulates in the meridional plane is 
primarily a question of the thermal stability of the star, since it is the nonuniform heat- 
ing of the material which keeps the motion going.'? However, assuming the currents to 
be present, we can also study their velocity from the point of view of dynamical equi- 
librium, since the transfer of momentum by the current must be adjusted so as to balance 
the effect of viscosity. Since we are considering here only the equations of motion, we 
shall apply the last procedure. 

We turn back to the equation (16), which has the form 


pVVQ = pu div (R?°VW), (55) 
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or, introducing & also on the right-hand side, 


vvo = o( va — oR- (56) 
u] aR)? 5 


where n = u/p is the kinetic coefficient of viscosity. We at once notice an interesting 
property of equation (56). Because the operator V has no g-component, only the merid- 
ional components of V appear in the product VVQ. Asa result equation (56) is homo- 
genous in 2, which means that we can multiply Q, or W, by a constant and still have the 
same meridional velocity V,, Vz. The physical reason for this is obvious. Multiplying W 
by a large factor means increasing the differential rotation, and consequently increasing 
the viscous forces by the same factor. The meridional current will, however, now pass 
through a correspondingly increased change of W per unit length, and transport of 
momentum by the current will, therefore, increase in the same ratio, so that the balance 
is still there. 

The expression in the bracket in equation (56) cannot vanish over the whole region be- 
cause then V would be parallel to the lines of constant Q, or, in other words, the stream- 
lines would follow the Q-lines and could not be closed (according to theorem [a] of 
sec. V). 

If we know the distribution of angular velocity it is seen that equation (55) together 
with the equation of continuity (17) is sufficient to determine the two quantities pV, 
and pV. In fact, the formal solution of this problem is very simple.'® However, without 
knowing W or p we can obtain a general idea about the order of magnitude of the 
meridional velocity most easily by equation (56), according to which the meridional 
velocity V,, must be of the same order of magnitude as 7/R, or: 


Val = p- (57) 


As has already been shown, this result is independent of the magnitude of the angular 
velocity. In order to find the order of magnitude of the period of the meridional circula- 
tion, we have to divide the stellar radius by the velocity V,,. Hence, for the period P 
we have 
pe (58) 
7 


The question now is which value to assume for the kinetic viscosity. If the motion is 
laminar we have to deal with the usual gaseous coefficient of viscosity for stellar tempera- 


tures. This coefficient will probably have the order of magnitude unity.® Using the 
radius of the sun as a measure of the linear dimensions, we obtain by equation (58) 


P = 10% years. (59) 


If the motion is turbulent, we have to use for 7 the so-called eddy-diffusivity's K, given 
by the product  - /, where @ is the mean turbulent velocity and / the distance passed 
by a turbulence element during its lifetime, 


K=ao-l. (60) 


's D. Brunt, Physical and Dynamical Meteorology, Cambridge University Press, 1939. 
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The eddy-diffusivity is obviously not a property of the stellar material alone, as the co- 
efficient of viscosity, but depends upon the degree of turbulence. In order to obtain a 
value for the period of the meridional current in this case, we must, therefore, have some 
knowledge about the turbulence in the interior of the star. As an illustration we shall] 
consider the case when the turbulence is supposed to be similar to that observed on the 
surface of the sun. From observations of the solar granulation we estimate the turbu- 
lent velocity @ to be as to order of magnitude 1 km/sec, and the lifetime of a turbulence 
element 10? sec. This gives for K 


K = 105+ 107 = 10” cm?/sec. (61) 


With this value introduced for n and with the solar radius for R, equation (58) gives, for 
the period of the meridional current, 


P = Io years. (62) 


Not much confidence should be placed in this result, however, as the surface turbulence 
of the sun is probably a very poor indicator of the interior conditions. The fact that any 
amount of turbulence will change the period of the steady current enormously seems, 
however, to be beyond doubt. The value of K given in equation (61) may be an enor- 
mous overestimate, but it is known from terrestrial observations that the increase of 
viscosity by turbulence may very well amount to a factor of 10°-107. As will be seen in 
section VII there are reasons against too high values of the eddy-diffusivity. 


VII. FIRST-ORDER APPROXIMATION OF THE EQUATIONS OF MOTION 


For stars possessing any appreciable rotation it is obvious from the foregoing that the 
velocity of the meridional current is vanishingly small as compared to the rotational 
velocity in the main parts of the star. In the equations of motion (10), (11), and (12), 
of which we thus far have considered only (11), we may, therefore, safely neglect second 
and higher orders of the meridional components of the velocity. In so doing, however, 
we must, according to equation (57), also neglect squares of the quantity n/K or products 
like (n/R)V., n(0V./0R?), etc., in order to obtain a consistent approximation. Correct 
to the first order, the equations of motions (sec. II) then take the form 


Ve OP Op 


ia ile OR OR’ (63) 
—— OP = Op 

we Oz Oz’ (64) 

pVV(WR?) = u div (R*VW) . (65) 


The last of these equations is the familiar g-equation in the form (16). The R- and z- 
components, equations (63) and (64), are seen to reduce to the same form as the equa- 
tions of motion for purely axial differential rotation of a nonviscous star, as considered 
by Rosseland*® ‘7 ‘8, In his work Rosseland finds that the expression for the angular 
velocity always contains an arbitrary function F(R). His results are based upon the 
assumption of constant conductivity and energy production all through the star. The 


16 Ab. J., 63, 342, 1926. 
17 Astroph. Norvegica, 2, 173, 19396. 18 Thid., p. 249, 1937. 
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appearance of the arbitrary function of R is, however, a quite general phenomenon, inde- 
pendent of any special assumption about conductivity or energy production. It follows 
from the form of the equations (63) and (64) in the following way: Multiplying equa- 
tion (63) by dR, equation (64) by dz and adding gives 


— pW?RdR — pdb — dp, (66) 


or 


W?RdR = d® + p-'dp. (67) 


Now / will normally not be a function of ® in a rotating star, and we may, therefore, 


consider the density p as a function of p and ® through the star. We can then multiply 
equation (67) by a factor r(p, ®), which makes the right-hand side a complete differential 


dQ: 
t(p, ®)W?RdR = dQ. (68) 
From equation (68) it follows that 


QO = F(R), (69) 


where /'(R) is an arbitrary function of R, while 


p . OF(R) 
r(p, 2)WR = — . (70) 
Consequently, 
4K 
W? = 2ar"(p, ®) mith (71) 


a(R?) ’ 


which is a generalization of Rosseland’s relation. As an illustration consider the simple 
case of negligible radiation pressure, constant conductivity K and energy production 
¢«. Then, with certain assumptions about the boundary conditions, Rosseland obtains 
the relation 
GK ,. 
+ T= @; a = const . (72) 
€ 


Eliminating 7 by the gas equation 
p = kpT, 
equation (72) becomes 
_GK_ p 


ee es (73) 


Introducing p from equation (73) into equation (67), we see that the integrating factor is 


r= (e-@)" = (2s oe (74) 


€ 
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Hence, finally, 


- a(R?) ’ (75) 


which is Rosseland’s result. If we were considering pure axial rotation of a nonviscous 
star, there would not seem to be any way of determining F(R). In our case, however, we 
have the boundary conditions for the viscous material to take care of, and it is easily 
seen that F(R) is no longer arbitrary. In fact, differentiating equation (75) logarithmi- 


cally, we have 
_ v( 1 OF 
VW VI R OR 
2 = + a (76) 


w T 1 OF 
R OR 


The function F(R) now has to be such that VW is parallel to the surface along the whole 
of the outer boundary. If the distribution of temperature in the star is known, this con- 
dition determines F(R) apart from a constant factor. If in solutions of Rosseland’s type 
we adjust /'(R) so as to satisfy the above condition, we will, however, not generally ob- 
tain a first-order approximation for the distribution of W in a star with slow meridional 
currents. This is because, in addition to the above boundary condition, we have also the 
kinematic boundary condition A = o along the boundary. Since A is determined by the 
distribution through the star of W*°, as was mentioned earlier, this gives a further condi- 
tion to be satisfied by W. 

From equations (63) and (64) we can obtain another relation, which has often been 
used in earlier work on stellar rotation. After dividing both equations by p, we differ- 
entiate equation (64) with respect to R, equation (63) with respect to z, and subtract. 
The result is 

0(W?) I 

This relation shows that if the density is constant, or is a function of the pressure, the 
angular velocity is a function of R only, and it is impossible to satisfy the condition that 
VW is parallel to the surface at the surface of a star. Independent variation of p and p 
is necessary. Consequently, we cannot find solutions of the kind we are discussing ina 
star in convective equilibrium (because of the adiabatic relation between p and p). This 
fact is of some interest in connection with the possibility of extremely high eddy- 
viscosity as was discussed in section VI. The transfer of momentum by eddies is, of 
course, accompanied by transfer of heat as well. An extremely high momentum-dif- 
fusivity will be accompanied by an equally high heat-diffusivity. The convective trans- 
fer of energy in this case will probably take over the whole transport of energy, and the 
star would be in convective equilibrium, with an approximately adiabatic temperature 
gradient. The central regions, where the heat content per gram is greatest, would be the 
first place for this to happen. In the atmosphere the transport by radiation would still 
be important. The eddy-viscosity, necessary to regulate the exchange of momentum ina 
meridional current of appreciable velocity, therefore itself sets an upper limit to the 
velocity by producing a state of convective equilibrium, in which the steady current 
cannot exist. 

We can introduce the temperature 7 instead of p in equation (77) by the relation 


p = kpT + aT. (78) 





us 
ve 
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We have by equation (78) 
—- (7 ¢ ot) (79) 


which, introduced into equation (77), gives 


aw’) _ 


ier > 


I ole p . 
+ [Vp X Vp] = ep (2, + 3aT [VT X Vp]. (80) 


With negative dW/dz (sec. V) we can conclude from equation (80) that VT is to 
the right of Vp (see definition of cross-product, eq. [24]), considered in the upper 
right quadrant. Hence the temperature will increase toward the pole as we follow an 
isobar, and the polar regions will be hotter than the equatorial regions. Under the same 
conditions we also see that Vp must point to the left of Vp. Hence the density decreases 
toward the pole along an isobar. Consequently, the density is lower in the polar regions 
than in the equatorial region. This will have the effect of decentralizing further the 
streamline pattern (Fig. 2), which for geometrical reasons must already, by constant 
density, be displaced toward the equatorial region, to satisfy the equation of continuity. 
In a simple meridional circulation we shall, therefore, expect to find the center of revolu- 
tion in the outer, equatorial region. 


VIII. NONVISCOUS STARS 

The question still remains to be answered whether it is possible to have steady 

meridional currents in a rotating nonviscous star. It is easy to see that a motion of this 

kind would in any case be dynamically unstable. The reason for this is the following: If 
we put the coefficient of viscosity equal to zero in the familiar g-equation 


pVVO = p div (R°VW) , (81) 


we see that the meridional current must follow the level lines of 2. Since the steady cur- 
rent has closed streamlines, 2 must have a maximum. (It should be noticed that the 
theorem |a] in section V is not valid for nonviscous fluids.) This means that there are 
regions where 2 decreases outward. Such a region is, however, dynamically unstable,’7 
and a small perturbation of the steady current will have a tendency to increase and will 
break down the steady motion completely if there is not a strong thermal stability to 
counteract the dynamical instability. 

There is also a further difficulty connected with the case of a nonviscous star. Because 
of the assumed equatorial symmetry the meridional current cannot cross through the 
equatorial plane. Consequently, the equatorial radius in a meridional section is a line of 
constant 2. Since the radius goes right to the center of the star, the constant value of Q 
is zero. The continuation of this Q-line at the outer end is the surface itself, since the cur- 
rent follows the surface. We must, therefore, conclude that 2 = o along the surface of 
the star, which means that the outside does not rotate at all. Considering the two diffi- 
culties which we have mentioned, we must conclude that steady meridional currents 
cannot exist in a rotating, nonviscous star. 

YERKES OBSERVATORY 
April 1941 











RADIAL PULSATIONS OF STARS 
P. LEDOUX! AND C. L. PEKERIS? 


ABSTRACT 
It is shown that the period 7 of the fundamental mode of radial pulsation of a star is given to a good 
approximation by the expression 
[de 
T= 274] = 
N-GT — 42 


where J denotes the moment of inertia of the star about its center, {2 its gravitational potential, and Ff, 
the mean value of I’; with respect to pressure. A general method of obtaining higher approximations for 
the period of the fundamental mode as well as for the periods of the higher modes is given and is applied 
to the standard model. The results obtained for the standard model indicate that, in certain cases, our 
approximate method yields more accurate values for the periods than have been obtained by the trial- 
and-error method of integrating the pulsation equation. 


1. The differential equation which governs the adiabatic and radial oscillations of a 
gaseous star is 
dé 


r 
dr? 


dé 
dr 


(1) 


x dx ae dx | —" 


a +el(ota rp + 3 
dr rs dr 


where é denotes the ratio 6r/r of the radial displacement to the radius. X = I',P, P being 
the sum of the gaseous pressure fg and the pressure of radiation pr. The quantity I, is 
the adiabatic exponent defined by 6P/P = I,6p/p and has the well-known value 


+ [4x +r 


is - 30 ~ 3) ' 
B+ 12(y — 1)(1 — B)’ 


nN 
— 


rP,= B+ 


where 8B = p¢/P and y = Cp/cv, Cp and cy denoting, respectively, the specific heats at 
constant pressure and constant volume for the matter; ¢ is equal to 27v = 27/7, v being 
the frequency and rf the period of oscillation; p is the density at r and m(r) is the mass 
interior to r. 

By multiplying equation (1) by 7? we can put it in the self-adjoint form 





S =a P 1X 

xn as +é ortp + 4Gm(r)rp + 37: : =o. (3) 

dr dr dr— 
The boundary conditions, 

dr = 0 at r=0 
and 
, dé 4 
6P = —I,P utr] = © at zg=R, (4) 
¢ 


1 Fellow of the Belgian-American Educational Foundation, at the Yerkes Observatory. 
2 Department of Geology, Massachusetts Institute of Technology, and Harvard College Observatory. 
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are met if £ is regular in the range of integration. The condition of the regularity of € is 
satisfied only for a discrete set of values o;, which determine the periods of the free modes 
of vibration. The solutions £; corresponding to these o; are orthogonal with respect 


to prt: 


R 
J prigitdr =o, 1#x~RkR. (5) 


It is knowns that equation (3) is the Eulerian equation of the variational problem of 
minimizing the integral 


. } r I> ‘ - dX > ) 
J = { Xrit’? — | 4Gm(r) pr + 373 iy & — ort i dr. (6) 
0 od 


The conditions of this free variational problem are 
2Xrit' =o at r=0 and at r=R, 


both of which are satisfied by equations (4). The solution £ of the fundamental mode 
can as well be obtained by minimizing 


R | e ’ - dX ) 
{ Xrsé’? — & | 4Gm(r)pr + 373 dr 


dr 
R 
f ’oridr 


and the minimum value of this integral is equal to o3. If we introduce the value of X in 
this expression and use the relation 


(6’) 


dP __——Gm(r)p 
dr y : 


RT , et soe R aT, 
Pr, Prit?dr + (3°, — 4)#Gm/(r)rpdr — 3 Pr j dr 
0 0 7) ar 
: *R tg 1 
J foridr 
We shall, in the first instance, consider the case where pz is negligible. Then I, = y, 


dV,/dr = o, and 
ee ’ R_ Gm(r)dm(r 
vf Weyre? + (gr- of & 2 


R 
f £r?dm(r) 
0 


sale hdinal . 
-Ea Se ak ae 
I 


r a 


we have 


o2 = min 


(8) 


o? = min 


We also have 


}Cf., e.g., Courant and Hilbert, Methoden der mathematischen Physik, 1, 344. 
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where 22 and U denote, respectively, the gravitational potential energy and the interna] 
energy of the star. On the other hand, if we denote by / the moment of inertia of the 
star about its center, we nave 

dI = r'dm(r) . . 

It is well known that for a sphere / is equal to 3/,, if 7; is the moment of inertia about 
one diameter of the sphere. If 2 and U are taken to be zero when the elements of the 
star are at infinite distances from one another, then they are connected by the relation 


—Q = 3(y —1)U. 


Thus, we can re-write equation (8) as 


—2/3(y—1) a? 
¥(7 — of (ré’)*dU — (37 — vf dQ 
o2 = min 7 ; 
J £d] 


2. We proceed now to obtain approximate solutions of equation (9). As a first ap- 
proximation, we suppose & to be a constant. Then equation (g) becomes 


(Q) 


: (37 — 4)2 
o=- , (10) 


[ 


From our principle of minimum (eq. [g]) it is obvious that the value o7 given by equation 
(10) is either equal to or greater than the true value. For instance, for a star of constant 
density, £ is a constant, and equation (10) is exact. We shall also compare equation (10) 
with the results obtained previously for different models. 

T. E. Sterne’ has found that, for a model in which the distribution of density is given 
by p = R’p/37’, 


(c2)exact = CWP [_4 4 4V e+ Balle + 4+ 4V1 + Bal, 


4 


where 


For this model we obtain from equation (10) 
(o2)app = 40(3y — 4)Gp = 4nGpay. 


oO 


Hence 


i) 


5 +05V1+ 8a 
(e2)app 3105+0.5V1 + 8a 


i o3 ben ict ae I 


4M.N., 97, 582, 1937. 
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This ratio varies from 1 to 0.73 as y varies from 4/3 to 5/3. In the most unfavorable 


case€ Tapp — 


is shown in Table 1 for a set of other models. 


Model 


Polytrope 
N=1.5 
Pe 
= =6 0003 
p 


Polytrope 


n=2 
Pp. 

= El. 
p 


Polytrope 
n=4 


References 


| T. G. Cowling, 
M.N., 94, 779, 
1934 


J. C. P. Miller, 
M.N., 90, 59, 
1930 


T. G. Cowling, 
M.N., 96, 42, 
1930 


J. C. P. Miller, 
M.N., 90, 59, 
1930 


TABLE 1 


| Computed Values of 03 


2. » 3 
| o5=4mGp, 20 


wae 
4rG 
= Pc X0.10567 
3 
yY=1.425 
oy ae 
oo= Pc XO. 2595 
a 
wD eset) 
. 4n7G : 
o,= Pe XO .02550 


Expressions of o2 
Deduced from 
Equation (10) 


,_ 4eGp(37—4) 
Cd. = 


°o 


3-5XO.315 


,_ 4eGp(37—4) 


* 30.220 


,_4"Gp(3y—4) | 
Co = 


°o 


3X0.08547 


2_ 47Gp(37—4) 
” 3X0.01233 


0.682 


V 0.73 Texact = 0.85 Texact- The degree of approximation of our formula (10) 


Tapp 


Ratio: 


Teomp 


°.964 





0.907 


3. If the radiation pressure is not negligible but @ is a constant (standard model), 
then I’, is different from y, but it is still constant throughout the star, and dI’,/dr = o. 
In this case equation (10) takes the form 


For the standard model, 


and by numerical integration, we find that 


Hence 


or 


Tapp 


t= 


eq] 


7 [e-(30, — 4)|'/? 





IT = 0.113MR?’. 


(3°, — 4)47Gp 


oJ 


0.220 


0.226 X 3.1416 X 54.18 | 


8 


6.07 * 10 


24,015 
[o-(30': — 4) 


(10’) 
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From numerical integrations of the equation (1), Eddington concluded,5 that for the 
standard model 


25,080 
TEdd — = > 
[oc(30, — 4)]?’ 
giving 
Ts yp 
PF = 0.057 . 
TEdd 


4. We shall now consider equation (7) for the case where the radiation pressure is im- 
portant and is variable through the star. We notice that 


R ar, R d R 
&r5P 7 dr = -f i 7 (2nP)dr+ [HrPT,\> . 
7) 


The second term on the right-hand side vanishes. Using this relation in equation (7), 


we obtain 
2 R 
sf £dQ + f PP(3é + rt’)dV 
0 oO 
7 . (II) 


o2 = min 
J £d/ 


We now assume again that & is constant and obtain 


R 
4Q + of r,PdV 


oT I 
If we define I’, by 
R 
J ,PdV 
= - 
{ PdV 
and use the relation 
R 
—-Q = 3f PdV , 


this approximation becomes 


: (3r, — 4)2 = 

= —Y =. (10’’) 
I 

To test this formula we can use the model calculated by J. Wasiutynski, which is com- 

posed of a convective core and radiative envelope. The value of 8 at the center is equal 

to 0.8, and the value of y is taken equal to 3. If the molecular weight is taken to be 


5 The Internal Constitution of the Stars, formula 130.4. 
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unity, the mass is 10.263M@. One of us’ has computed the fundamental period for this 
model and has found teomp = 8.5 days. The mean value I’, is equal to 1.53, and p, = 
1.621 + 10° gr/cm’ = 40.3p for the special case integrated. With these values, we 
obtain from equation (10’’) 
Tapp = 7-729 days or SPP. = 0.909. 
Teomp 


5. Denoting by E the total energy 2 + U of the star and using the relation between 
U and 2 when the radiation pressure is negligible, we can write equation (10) as 


I an; 
T= 27 = 27 


3(yvy — 1)(—E) o(y — 1)(—E£) © 


This relation is of the same form as the expression for the free period of torsional 
oscillation of a body of moment of inertia /; and subject to a restoring force K6, 7 = 
arV 1, K. Thus, the restoring force in the fundamental mode of the radial pulsation of 
a star is proportional to the negative of the total energy of the star. When the latter 
quantity vanishes, the star becomes labile and the period infinite. 

When the pressure of radiation cannot be neglected, we can define with S. Chandrase- 
khar?7 an exponent I; by 

(4—~ FRY 3B 
B+ 12(y — 1)(1 — B)~ 


R,T — eo ae (> — 
B= —{ 32-4 pay =! (a3 4) .g = SI— 95.9 
Je Rs] 3\T;-1 3(y — 1) ’ 


where the means are defined just as I,. In terms of these quantities our approximation 
becomes 


r, = i+ 


Then 


which can again be interpreted as before. Another form for equation (10) is 


Ra 
yP 
3a dm(r) 
J» ?P ) 


: = > 
C5 “R ; (32 
{ redm(r) 


where a = (3 — 4/y). Now the velocity of sound is given by c? = (y P)/pand, if we 
define average values ¢ and R by the equalities 


, ul « ge 
(¢?= 2dm(r) (R)? = r2dm(r) 
= CC ‘ = ; 
M J. M Jo 


P. Ledoux, Astrophysica Norvegica, 3, 193, 1940 


6 


7 Introduction to the Study of Stellar Structure, p. 56, 1939. 
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then equation (12) becomes 


c \2 R I 
o. = 3a Lz) and T= 27 - ' 
R} c N3a 


The period of the star is thus seen to be proportional to the time required for a sound 
wave to travel through the weighted radius R with the weighted velocity 7. If the re- 
storing forces during the pulsation depended only on the compression of the materia] 
such a relationship would be expected. We know, however, that gravity must also in- 
fluence the pulsation, and, in fact, its effect on the period appears explicitly in the 
factor a~“/?), 

We shall make one further remark about our formula (10). If we say that one star is 
more centrally condensed than another of the same radius* when 


> os SE, 


then 


> : and < and ce S10; 


M2~ Mz? M, M, M 


Thus, besides the well-known proportionality of 7 to the inverse square root of the mean 
density and its dependence upon vy, it depends also upon the distribution of the density 
and in sucha way that, toa first approximation, 7 increases when the central condensa- 
tion of the star decreases. This is in good agreement with Table 1 in a previous paper. 
6. We shall now apply the Ritz method to obtain higher approximations for the fun- 
damental period as well as for periods of higher modes of vibration. We assume that 


On substituting the foregoing form for & in equation (6), we find that the a,’s are de- 
termined by (z + 1) equations of the form 


oJ 


Oa 
We shall consider only the case where px is small or is a constant fraction of the pres- 


sure, so that we can always write the factor (31°, — 4) outside the integrals. The general 
case can clearly be treated by the same method. Let 


R 
[= if rid] with dI = redm(r) , 


~ 


r 


se Gm(r)dm 
Qo=- rdQ with dQ = — 


8’ This implies no loss of generality since we can always apply a Lane transformation 
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and 
R r . 
A; = f 4Pritd\ with dV = 4anrdr. 
Then 
J n 

A rs eae ¥ ; 

a < QjUl A aja t (39: — 4)Qu; — oJ 4,} = 0, PS Ol. satan 

Od; aad ‘ 


But by a general theorem? we have 
ut bya g 





{: = 4 ro) 
yi ea 
and hence equation (14) becomes 
an 42] 
be zr, — 4) r} Q - o] =0, 
om Qi 28 ] 7 
Be Sees n 
with 
(3-#) 
a {= 
I 
The condition of compatibility of these (7 ++ 1) homogeneous equations is 
C 
where 
$1] 
( = ((3r,-—4 — 1] Qu; — oi 
a(2i+ a+ 7 





For the standard model we have 


RM “6.8960 : R2+2M 
I; = } itd; = — i 


6.8969)7/*?( 2.01813) 


3GM? GM? 


2 R R (2.018) 


GM?2R2!- "6.8969 du ; GM?R" 
. ~2)+1 = , — ‘ q) 
= : 2 | a = )u az = usc « 
‘ 2.015)7(0.590090)77"* Jo az 2.0195)° 


If S? is defined by 





9 Chandrasekhar, op 66, Theorem 2. 





(14) 


(10) 
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equation (16) can be written as 


where 


ss 4l) ; ae 
C;, = : — -07,;, — Di 
’ Pe RIT a ade : 


It will further be convenient to define 2/4; by 
= 41) 4 Oo: 
OF +i “aie a) Di +i 


so that 


One verifies easily that the determinant C/,;| is equivalent to 


| >? ° fo) 6 8 | 
| oO >? o o rt o | 
| 
| | 
| O o 800 =? fe) O O Oo I °o co © 
| 
| o fe) fe) fe) 2 fe) fe) I fe) o Oo Oo | 
| oO o 800 Oo Oo - 3 fe) fo) °o Oo Oo | 
, , , / ; , 1d) 
| Q, Q! Q: Q; pe f; i % 
| Or. S 2 ee UOUe!lhUE. UE , Tes 
gam 1 cy Goi ae  ¥ I’ ip ae ee 
Q’ Q)’ fd Fj 


The values of the first 7’ and 2’ involved in this determinant are 


I’ = 0.22812 Q’ = 6.10909 
Ii = 0.04849 Q: = 0.78217 
I) = 0.01507 Q) = 0.16235 
I. = 0.00601 Q’ = 0.04758 
I, = 0.00282 Q’ = 0.01781 


Our approximation (10’) obtained previously for the fundamental mode of vibration 
corresponds to m = o, € = constant, and the equation for =? is the vanishing of the first 
central determinant of (18), 





— 
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It follows from equation (17) that 


which is identical to our equation (10’). The second approximation will consist in taking 
f= da. + ay’ and equating the second central determinant to zero. Of the two roots of 
this second-degree equation in >?, the smaller ¥2 gives s a second approximation to the 
period of the fundamental mode, while the larger, 27, yields the first approximation for 


the first mode. These roots are 


I 
$2 aoe 
a = 24.43554 
a 


+ 9.6741 + V 249.2068a? — 45.3571a + 93.5891 | , (19) 


which are easily related to o* by equation (17). The third approximation corresponds to 
n=2o0ré=a,+a,r+a,r'. If we write 


z= 1882? — (4567 + “7 : (20) 
a 


the equation of the third order in ¥?, formed by equating the third central determinant 


to zero, is 


+ 2fs+G=o0, 








where 
, 1 4:4955 , 5.518 
H = 7.358: + 10° 
a a 
2.045 0.575 7777 
ee =-—F 2 75260 + 45 + = —— =k st 1c 
a a a 
Hence G? + 4H3 < o, and if we define 6 and g by 
G 
cos ¢é= — P g= 2N —f, 
2V—-—H 


the solutions are 


s=qcosé, 


27 27 
q cos ( ; + a | ; q COs ( ; — 6) 7 
\ J j me | 


Having determined s, we easily obtain >? by equation (20). 


Table 2 provides a comparison between the values of o? given by equations (10’), 
19), and (20) with the values obtained by numerical integrations of equation (1) for the 


standard model. In these numerical integrations the quantity that is generally deter- 


mined is w which is related to o by 


T GT’, (6.8969)3 pw 


3 (2.018) 
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The corresponding quantities in equations (17) and (21) are therefore 4a>? and 
(6.8969)%w*, and these are tabulated in Table 2. One sees from this table that the second 
approximation already determines the period with high accuracy. Clearly the degree of 
our approximations depends on the value of I’; or a. We notice that, in agreement with 
the principle of minimum (eq. |7]|), the quantity 4a2 decreases in a monotonic fashion 
with successive approximations. By the same principle we know, furthermore, that the 
exact value of 4a; is less than that given by the highest-order approximation. We are, 
therefore, inclined to conclude that whenever (6.8969)%w? is greater than the value of 
4a>2 obtained in one of our approximations, the former is in error. That these values 
might be in error is likely because in the numerical integrations of the differential equa- 


TABLE 2 


SECOND 
FUNDAMENTAL MODE OF VIBRATION First Mope OF VIBRATION MODE OF 
VIBRATION 


Computed First App Second App Third App Computed First App Second App First App 


6.8969 Buy? for 4aX6 for 4aXo for 4aX¢ 0.59609 Seyi for 4a; for gaz; for 4ad3 
O.!I 10.334 10.712 10.199 10.173 QS. 42 07.304 O1 .034 225.647 
2 19.054 22.423 19.304 IQ. 233 Q7.120 600.232 240.54 
3 22.325 27.540 27.107 108.498 72. O72 255.977 
4 30.087 42.840 34.539 33.509 152.579 120.747 7©.579 271.910 
5 53.555 41.359 30.457 133.096 85.675 288 . 319 
0.0 51.179 04.272 47.370 44.220 147.31 93.235 305.4390 
TABLE 3 
aa a 
a k? R 

O.! +0.14943 I O8S805 

2 + .506301 2.00079 

3 — .7O223 3.9Q502 

4 + .73226 7.12020 

5 fh 3000 Lr .4i735 

0.6 0.27970 10.79257 


tion (1), the condition 6P = ois imposed not at the surface but at about 2 of the radius.” 
It would seem, therefore, that our approximate method is likely to yield in certain cases 
more exact values for the periods than can be obtained by the more laborious method of 
integrating equation (1). 

We can also determine the values of a,/a, and a,/a,, which appear in our third approxi- 
mation — = a, + ar’ + a.r', by solving two of the three corresponding equations (15). 
These values are given in Table 3 for the fundamental mode of vibration. 

The corresponding solutions ~ are plotted in Figure 1 as solid lines and the solutions 
corresponding to the computed (6.8969)3w2, as taken from Eddington and Edgar, are 
shown by the dashed lines. The dotted curve represents a solution obtained for a = 0.4 
and a value of 4a? a little smaller than our third approximation (~33.770). This solu- 


_,) 


7 Cf., e.g., Edgar, M.N., 93, 426-29, remarks under Tables 1, 2, 3, and 4 
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tion has been computed by means of series near the center and the surface of the star 
and an intermediate numerical integration. The solution in series in the outer layers of 
the star is particularly easy to obtain if one supposes that the mass is constant in these 
lavers. This hypothesis is a very good approximation for a rather important part of the 
star, and it affects only the coefficients of the fifth and higher powers of (1 — r/R) in the 
series which gives us the solution in this region. This series is of the form 


S Val: h) 1+ B log & r) + 28 I R f° (22) 


IF 3 


where Bo, 8:, 82 are negative. We determine a, and B by equating £ and d£/dr obtained 
from equation (22) to the values obtained by numerical integration at the point where 














FIc. 1 


this numerical integration stops. If B is equal to zero, our solution remains finite, and 
the chosen value of 4aX2 is the correct one. If B is positive, then our solution tends to 
—o toward the surface, and the chosen value of 4a? is too large. On the contrary, if 
B is negative—which happens in the particular case integrated here—our solution tends 
to + © toward the surface and the chosen value of 4a? is too small. But, in fact, when 
one gets near the solution which remains finite at r= R, it becomes very easy to jump from 
one solution to another during the numerical integration, so that this lower limit for 
4a>2 is hardly significant. But in any case, as far as the values of the amplitude them- 
selves are concerned, this solution cannot be very different from the true solution in the 
main part of the star. Thus, although it is well known that the variational method yields 
the proper values with much greater accuracy than the proper functions, the comparison 
of this solution with our approximate one, proves that the latter does not deviate too 
much from the true solution. 


YERKES OBSERVATORY 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
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ON THE ORIGIN OF THE SOLAR SYSTEM 
W. J. LUYTEN 


ABSTRACT 

Reply is made in the present paper to Lyttleton’s article on the origin of the solar system, more 
specifically on the point raised by him in connection with the amount of planetary matter available 
for capture. While the objection made by him to the previous calculations of Hill and myself is ad- 
mitted to be valid in principle, it is shown that, numerically, it makes the case for his theory much 
more adverse, reducing the amount of matter available for capture from an assumed 6 per cent before 
to less than 0.6 per cent at most. The conclusion reached before, that Lyttleton’s theory is dynamically 
untenable, is therefore maintained. : 


In a recent number of this Journal‘ Lyttleton has returned to his theory for the origin 
of the solar system. As I have stated before,’ I consider that I have shown his theory to 
be dynamically untenable. However, Lyttleton now claims to have found a serious error 
in one of my calculations.’ The point in question concerns the calculation that only 6 
per cent of the planetary filament, linearly, would be available for possible capture by 
the sun. Although this appeared in a joint paper by Hill and myself, I should emphasize 
here that the sole responsibility for this calculation and for any errors it may contain 
rests with me. 

Brietly, I visualized an idealized situation in which two stars B and C collide and 
afterward separate along a straight line with parabolic velocity. Following Lyttleton, 
the velocity at any point of the connecting planetary filament is assumed to be linearly 
distributed between those of B and C. In order to fix ideas, let B be the more massive 
star, let the masses be B and C, respectively, and let C_B = #4 < 1; let the distance be- 
tween B and C at a given moment be r and consider the motion of an infinitesimal, Q, at 
a distance ar from C. Its acceleration toward C will be GC a’r’, that toward B, 
GB (1 — a)?r? and the net, absolute acceleration toward C will be 





This is equivalent to the acceleration toward C of an effective mass, at C, equal to 


a? 


_B 
C (1 — a)? 





Cc | I 
Relative to such a mass the velocity of escape would be 


V2. aa 2GC om 


ar 





‘Ap J .5 93, 267, 1941. 
2 Observatory, 63, 72, 1940. 3 Loc. cit.; cf. also Observatory, 63, 206, 1940. 
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the actual velocity relative to C is 


a? - 2G(B + C) 





> — ’ 
r 
and hence the particle will escape if 
2G(B 4 C 2U : 
a? ) = Cir- 2 = 
r ar C (1 — a)? 
or 
I B I 
(B+ C)2C — 
+O) 2 a3 C a(1 — a)? (1) 








Lyttleton points out that the acceleration of C toward Q, due to B, has been neglected 
in this and that hence the acceleration of Q relative to C will be 
GC GB GB 
ae a eh 
a*r*’ ce = Orr ¥° 


which will result in changing equation (1) into 
(B+ C)=C - : A ere (2) 


While Lyttleton is entirely correct in this, he has overlooked the fact that the right-hand 
side of equation (2) is larger than that of equation (1) and that, consequently, it will be 
more difficult for a particle at V to escape. This, in fact, was my reason for neglecting the 
acceleration of C. Realizing that the case considered was too idealized and that in 
reality the two stars would probably depart from each other with hyperbolic velocity 
(resulting in greater ease of escape for V), I purposely neglected the acceleration in order 
to counteract this and felt that the result should be correct as an upper limit. I regret 
that I omitted to state this at the time. 

As is easily seen, in the idealized case with parabolic velocity nothing escapes. Sub- 
stituting CB = / in equation (2), we obtain 


( ) rE a3(2 — a) (2) 
(r+ > |1—- |; ~———~ |>»=-.--- 3 
‘ h h (1 — a)? * 


or, also, 


bie SS Oe (4) 


(1 — a?)(1 — a)? 


To obtain the distance a’r from C of a point R where a particle could similarly escape 
from B, we have to replace 4 by 1/4 and a by 1 — a in equation (4), and it is seen that 
identically the same equation results. Hence there is only this one particle at a distance 
ar from C which can escape from both B and C. 
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In his first reply to the paper written by Hill and myself Lyttleton‘ himself considered 
a similar situation in detail and concluded that ‘‘there is one particle which has both the 
appropriate velocity and appropriate position for subsequent escape from both stars,” 
In his present article he even refers to this previous calculation but apparently does not 
realize its significance; for, while it is true that the present value “differs greatly” from 
the value used by us before, application of the correction renders the case for his theory 
much more adverse. , 

As a first approximation, the solution of equation (4) is given by 


iohVA+ 12h + 11VAt+ 1 


(1+ Vh)(1th + 12VA+ 11) 


which, e.g., for 4 = 1/4, gives a = 0.363, whereas Lyttleton derived 0.36. 

It is clear, therefore, that any material which escapes from both stars can do so only 
by virtue of their relative hyperbolic velocity. Now it seems evident that the assumption 
of linear-velocity distribution can hold only up to the instant when the filament breaks 
up and condensations begin to appear. Assuming that there are no physical difficulties, 
this must occur when 7 is still small, say, of the order of 0.1 astronomical unit; hence the 
hyperbolic velocity V» will be only slightly larger than the parabolic value V, at that 
same distance. Let V ?= Vj(1 + 8). The left-hand side of inequality (2) will then have 
to be multiplied by (1 + 8). Neglecting terms of higher order than the first, we calculate 
that the total linear fraction y of the filament which can escape from both B and C is 
then given by 


0.058 < y < 0.068 


as long as 


Ont <r 


To fix ideas let us assume masses of 2 and 4, respectively, and a velocity at infinity after 
the collision of 100 km ‘sec (certainly a very liberal allowance). If the filament is further 
assumed to break when the stars are 0.1 astronomical unit apart, we obtain 8 = 0.092, 
and hence y = 0.005. It is evident that only an exceedingly small fraction of the fila- 
ment can escape from both stars and that the value of 0.06 assumed by us before con- 
stitutes a very generous upper limit. 

Lyttleton’s argument that even if only 6 per cent of the filament were available for 
capture, it would obviously be unnecessary to regard the remaining 94 per cent as equally 
filled with planets, for ‘‘there would be no reason to suppose that the planets could not 
all lie in the 6 per cent” implies that the matter of the planetary filament would possess a 
free will of its own and would arrange itself conveniently along the 6 per cent linearly 
(now reduced to only 0.6 per cent) leaving the remainder of the filament bare; this is so 
manifestly absurd as to merit no further consideration. 

Lyttleton complains that I have ‘‘asserted categorically that the vector diagram of my 
[Lyttleton’s] first paper was incorrect.” I still do so, and I also assert that his vector 
diagram in the second paper is incorrect. In his original paper Lyttleton claimed to con 
sider the planet-generating, grazing collision between two stars, roughly similar to the 
sun, which havea hyperbolic velocity at infinity not exceeding 30 km_ sec. Yet his vector 
diagram shows a deflection of only 20° in the relative velocity of B and C. This, as we 
have shown before, implies that, if the velocity at infinity was in reality no more than 
30 km/sec, the periastron distance of the ‘‘colliding”’ stars was more than 9g ast ronomical 


4M.N., 98, 537, 1938. 
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units, or 1800 solar radii; is this a grazing collision? On the other hand, if a collision is 
adhered to with a periastron distance of the order of a solar radius, the velocity at in- 
fnity becomes at least 1300 km/sec. All this has nothing to do with, and is in addition 
to, our criticism that Lyttleton neglected the energy required to remove the planets. In 
his second paper Lyttleton draws a vector diagram in which velocity vectors differing by 
180° in direction are represented by parallel lines. Again it must be clear that I was cor- 
rect in stating that both of Lyttleton’s vector diagrams are in error. 

In conclusion, reference may be made to the opinion, which has recently been ex- 
pressed, that Spitzer’s work has disproved Lyttleton’s theory. Such an opinion is in- 
correct, I consider. Spitzer’s work deals with the physical aspects of a possible con- 
densation of a filament into planets and gives in greater detail calculations and 
objections which many of us, including myself, have voiced against Jeffreys’ collision 
theory. As such, it has no direct bearing on Lyttleton’s theory, which was purely 
dynamical. In so far as I am aware Hill and I are the only ones who have criticized 
Lyttleton’s theory on dynamical grounds. 


MINNEAPOLIS, MINNESOTA 
March 7, 194! 











NOTES 


NOTE ON THE SPECTRUM OF HK SCORPII 


An exposure of the region of CL Scorpii taken May 5, 1940, with the slitless spectro- 
graph on the 82-inch telescope showed an emission-line object to the north of CL Scorpii, 
The star was identified tentatively as Harvard Variable No. 4493, HK Scorpii, on Chart 
No. 2 of Milky Way Field No. 185.' On April 2, 1941, a spectrogram of HK Scorpii was 
obtained with a small slit spectrograph having a linear dispersion of 720 A/mm at Hy, 
This definitely identified the emission-line object as the variable star. 

The spectrum shows four of the Balmer lines in emission, with //a very strong in com- 
parison with the other members. The second strongest emission feature of the spectrum 
is the ionized helium line, \ 4686. Besides the emissions there is a faint continuous spec- 
trum in the photographic region and a strong one in the visual region, with possibly some 
faint absorption features. The linear dispersion in this region is too small to permit 
identifications. This suggests that the spectrum may be composite; however, the redness 
of the continuous spectrum and the apparently large Balmer decrement may be caused 
partly by differential atmospheric extinction or by selective absorption in interstellar 
space. 

HK Scorpii was announced as Harvard Variable No. 4493 by Henrietta H. Swope? and 
was called a cluster-type variable with a range from 14.9 mag. to 15.5 mag. No period 
was determined from the small amount of data. 

The emission spectrum would eliminate the variable from the cluster-type class; how- 
ever, since the spectrum shows indications of a composite character, this will not dismiss 
entirely this type of variation. Miss Swope of the Harvard College Observatory has 
kindly estimated the brightness of HK Scorpii on the more recent plates and has found 
that the star was of the thirteenth magnitude early in 1933. It has since decreased, and 
at the time of the recent spectrogram its brightness was estimated as the fifteenth magni- 
tude. 

C. i. ELVey 
McDONALD OBSERVATORY 
May 15, 1941 


VARIATIONS OF CL AND HK SCORPITI 


At the suggestion of Dr. C. T. Elvey, CL and HK Scorpii were measured on the 
Harvard plates. The magnitudes of the comparison stars are based on the Kapteyn 
Special Sequence No. 35 at a = 16"48™, 6 = — 29°. CL Scorpii, which is the brighter of 
the two variables, was measured on about 650 plates, and HK Scorpii on 4co plates. 
The observations extend for fifty years from 1891 through 1940 and are plotted in 
Figure 1, each dot usually representing a single observation. Figure 2 shows the light 
variation for each star in more detail for the years 1926 and 1931. These years were 
selected because they were typical and show the nature of the short irregularities. 


Harvard Bull., No. 887, p. 6, 1932. Harvard Bull., No. 862, p 
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142 NOTES 


Dr. Luyten in Harvard Bulletin, No. 852, 1927, published a light-curve for CL Scorpii, 
but since it is interesting to compare the recent observations with the earlier ones, in a 
homogeneous system, I have remeasured the plates used by him. CL and HK Scorpij 
show minor, but real, fluctuations. It was because of these minor fluctuations that HK 
Scorpil was originally classed as a cluster-type variable. At that time it was measured on 
some 30 plates from 1924 to 1926 and showed a variation only of half a magnitude. 


J.D. 2420000+ 
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There is no very evident periodic behavior of either the short or the long variations; 
both stars apparently exhibit unique features in their light-curves. CL Scorpii seems to 
be more nova-like than of SS Cygni type. HK Scorpii possibly displays a cycle of about 
700 days for the more recent observations of the deeper minimum, but further observa- 


tions are necessary before this should be considered as established. 
Henrietta H, Swort 


HARVARD OBSERVATORY 








REVIEWS 


Photometric Atlas of the Solar Spectrum. By M. MINNAERT, G. F. W. MULDErs, and J. Hout- 
cast. Amsterdam: D. Schnabel, Kampert & Helm, 1940. Introduction (in English and Es- 
peranto), and 174 pages of microphotometer tracings. 


In past years solar spectroscopists interested in line photometry have had to rely largely 
upon the eye estimates by Jewell and Rowland of the intensities of the Fraunhofer lines. Al- 
though the Rowland scale has been calibrated fairly extensively and satisfactorily, and although 
the intensities of a few hundred of the strongest Fraunhofer lines actually have been measured, 
it is nevertheless true that for a great majority of the solar absorption lines we have had to de- 
pend essentially upon eye estimates of intensity. The great need for a precise photometric atlas 
of the solar spectrum has been recognized for vears, but the labor involved in its preparation and 
the special demands for high instrumental dispersion and resolving power have appeared so 
formidable that it was not until 1936 that the work of preparing an atlas was undertaken. 

There have recently been received in the United States a few copies of the Photometric Atlas 
of the Solar Spectrum, a prodigious volume completed under the direction of Dr. Minnaert at 
Utrecht. It is symbolic of the courageous scientific tenacity of the Dutch investigators that this 
Atlas was completed and distributed after the Netherlands had been invaded. The work con- 
sists of an Introduction, explaining and describing the methods and material used, with a dis- 
cussion of the sources and sizes of the most likely errors, followed by 174 pages (about 100 me- 
ters!) of microphotometer tracings on a direct-intensity scale. The spectral region from \ 3612 to 
\ 8771 is covered by high-dispersion plates taken at the Mount Wilson Observatory, and the 
region from A 3332 to A 3637 by lower-dispersion plates from Utrecht. The dispersion of the 
Mount Wilson plates is 3 and 1.5 mm, A for second-order and first-order spectra, respectively, 
while the scale of the tracings is approximately 2 cm/A throughout. The wave-length values as 
read directly from the curves are generally estimated to be correct within 0.01 A, based upon 
the wave lengths given in the Revised Rowland Table. 

The direct-intensity curves were obtained by use of an ingenious apparatus—attachable to 
any microphotometer as auxiliary equipment—developed by Minnaert and Houtgast. It is es- 
pecially adaptable to the intensive microphometry of short sections of spectra, over the length 
of which the characteristic curve of the photographic plate does not vary appreciably. For ex- 
tended regions of the spectrum such as are represented in this Aé/as a set of mean calibration 
curves has to be derived from the photometric calibration marks, and the curves then have to 
be cut out in stencil form. The formation of the stenciled characteristic curves requires a con- 
siderable expenditure of time and must result in some loss of photometric accuracy. 

The tracings are printed upon beautifully precise co-ordinate paper and can be read to 
o.1mm. While this degree of precision is useful in estimating wave lengths, it is greater than 
the accuracy of the intensity values would seem to warrant. As the authors point out, it is fre- 
quently true that the overlapping tracings of the same spectral lines will show variations of 5 to 
Io per cent in the central intensities, measured as a fraction of the continuous background. It 
appears that these discrepancies are largely due to errors in the photometry and variations in 
the degree of excellence of the original spectrograms, since central intensities derived for the 
same lines on the same spectra rarely differ by as much as 2 per cent. For accurate work the 
scale of intensities cannot be taken as significant in the absolute sense. There is sufficient devia- 
tion from 1oo per cent for the recorded continuous spectrum to require one to divide the line 
intensities, as read from the scale, by the recorded intensity of the continuum at that wave 
length. 

The spurious intensities introduced by the Rowland ghosts of the gratings employed have 
been experimentally determined and have been approximately removed in the Aflas by record- 
ing the tracings with a full-scale detlection that includes the intensity due to the ghosts and by 
setting the zero of the scale above the recorded zero line by an amount equal to the relative in- 
tensity of the ghosts. This correction is only approximate and results in some central intensities 
that are abnormally low (e.g., X 3795.0 and A 3790.6). 
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Inspection of the line profiles shows that most of them are not symmetrical but have a 
greater intensity and sharper curvature in the violet wing than in the red wing. It is hardly pos- 
sible that this effect is intrinsic in the solar absorption lines, and it is more likely the result of 
somewhat too rapid tracing of the profiles. The Atlas would have been improved by the incly- 
sion of a few duplicate tracings for which the spectrogram was driven opposite to its usual diree- 
tion of motion. 

The small peculiarities of intensity mentioned, however, should not be allowed to detract 
from the epoch-making character of the volume. Measurements of central intensities and equiv- 
alent breadths taken directly from the Aélas should usually be correct within 5 per cent. The 
availability of thousands of line intensities correct within this degree of accuracy should result 
in opening up problems in solar spectrophotometry previously considered unapproachable. It 
is being realized that photographs of spectra are only crude photometric representations, and 
it is to be hoped that in the future there will also be made available comprehensive photometric 
atlases of typical stellar spectra. 
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